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COMPUTED AIDED ASSEMBLY 
LINE BAIANdNG WITH 
HiOBABILlSTIC PifflAIIEPERS 


/Analysis of data collected on assembly lines from 

V, 

some of ttie leading Indian industries indicate that there is 
a high variability associated with work element times and also 
there is a wide difference in the capabilities of the opera- 
tors .W^he present work attempts to account for aucfi. variabi- 


lities in balancing single model industrial assembly lines. ; 

Three methodologies- have been developed to take care of these 

two variabilities on the assembly lines. They are : 

(i) A modified rank positional wei^t technique for accounting 
the variability in work element times. 

(ii) A biased sampling scheme to account for variabilities in 
work element times and 

(iii) A procedure of loading stations maxims llj^ to jointly 
account for probabilistic work elements and variable opera- 


tor performance level. 

All the above three heuristic approaches are tested 


for four assembly line problems. The four problems are ; 

(i) The Assembling clothes problem. 


(ii) The T.V. Main Chassis assembly problem, 

(iii) The Refrigerator final assembly problem and 

(iv) The Truck assembly problem. ) 



X 


This research was carried oui hearing in oind that 
a balance is to be maintained between obtaining an optimal 
solution and the cost of obtaining the optimal solution. i\ 
satisfactory solution is being sought at the expense of 
reseasonable computation time on the computer. The results 
show that the proposed methodologies provide a sound solution 
rapidly. The computational effort needed to solve large scale 
balancing problems does not increase appreciably from that of 
a small scale balancing problem. In addition the methodology 
provides a great deal of flexibility £)r management in the 
implementation of the solution. '■ 



CHAPTER 1 


IHTROPUCTIOH 

The design of e. production ^stem involves decisions 
regarding the optimal planning eind control of men, materials, 
money and processes. One of the most important decisions to 
be taken before a process is designed is the selection bet- 
ween job-shop and flow-shop types of production. Many tangi- 
ble £ind intangible factors affect the selection. The cost 
of equipment, the percentage utilization of labour, the cost 
of learning, the fixed capital and working capital may be 
identified a.s some of the important tcngible factors govern- 
ing such a selection. Besides these factors, one needs to 
consider some of the intangible factors like employee's 
attitude towamds the production process selected. 

Plow^shop type production is commonly used in the 
assembly of parts, pa. eking and shipment of finished goods, and 
the fabrication of component parts. Primarily flow-shop is 
used to manufacture goods in mass production. One of the 
most important application of concepts of flow-shop production 
is in the assembly of components. A-ssembly lines are widely 
employed in the manufacture of products which have in common 
a. relatively heavy demand, fairly stable configurations <=tnd 
work content devisible into many components which can be 
perfoimied one after another without delay. The products 
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commonly ii&nuf&ctured on assembly lines are automobiles, 
electronic gagets and home-appliances. 

One of the important aspects of the assembly is 
the simplification of work into minute elements. This has 
been apprecia^ted for generations, even before Adam Smith 
presented a paper on this subject in 1776 ( 3l)* ^ thorough 

searcii into the literature suggests that till 1913 there 
have been only a few isolated efforts to apply the principles 
in a scientific manner. In particular, the efforts by British 
Ua.val Dockyard for the assembly of pulley IHocks is worth 
mentioning. However, the credit of introducing the first 
progressive assembly goes to Henry Pord. Henry Pord in 1913 
introduced in his High-lond Park plant the principles of divi- 
sion cf work, interchangeable parts and movement of product 
past fixed work station with the basic idea of cne man, one 
job or group of jobs. 

The advantages inherent in assembly lines which 
result in a reduction in the product cost nay be summed up 
as fellows. 

1. Assembly operations involve short and repetetive cycles 
which tend to increase productivity up to a point. The 
•learning time is reduced and relatively less skilled 
lab'ur can be employed. 

2, Assembly components are fed at each work station. The 
control becomes easier due t-: the fact that each 
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operator is handling fewer components. 

3. Higher j^rcducticn rates ere possible because time ccn- '• 
sumed in. obtaining parts is reduced. 

4. Movement cf assembly is usually vith a c-nveyor which is 
one of the cheapest methods of material handling. 

The disS’-dvantages of using aissembly lines are ; 

1. The control of quality becomes a difficult task due to 
continuous production. 

2. The morale of the workers is affected as they ere to func- 
tion under paced conditions. 

In an seembly line, facilities like machines, tools 
and manual operations are arranged successively and the work 
mcves from one work stati..n .to another TOrk station without 
backtracking. The characteristics of assembly lines are the 
simplification of the work into minute elements, allotment 
cf work to a number cf staticns and unidirectionail movement 
of Eissembly even ?;hen a production fa-cility is required more 
than once. The method cf assigning the work elements to 
work stations sc that all sta:ticns get an equal amount of 
work is called "Assembly line Balaoncing’’ (AIB). 

Since 1913, there have been improvements over and 
above Fords cc-ncepts. The improvements v/ere in the form of 
synthetic time study tc improve individual's performance, 
use of power and hand tools tc aid the operator to carry his 
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work, However, no serious attempt was made for the develop- 
ment of scientific tools for assigning the work elements to 
the work stations in order to obtain an optimal or near opti- 
mal balance. Essentially a few trial and error methods were 
developed and used. 

Since 1950 there hr.s been an enormous increase in 
the use of assembly line production concepts to take care of 
industrial demands for interchangability and higher production 
rates. A census was conducted by the University of Chicago, 
TJ.S.A., on the ratio of assembly workers to other operators 
for the period 1950 - 60. The results based on twenty five 
industislly advanced American States revealed an increase in 
assembly workers by fifty percent during this period as aga- 
inst only eleven percent in other v'crkers - a magnificient 
5 ! 1 ratio. Though this study w^is carried out for U.S.A. 
only, one could say that similar trends exist in other 
countries due to the introduction of modem ma-.nufa.cturing 
concepts into the industries all over the world. 

Hirst analytical approach for handling assembly 
line balancing problem was reported by Salvescn ( 28 ) in 1954. 
His comprehensive treatment of setting and defining the prob- 
lem are extremely va:luable. The generally accepted definition, 
of assembly line balancing problem is attributed to Salveson. 
According to him the objective in an assembly line balancing 
is "to minimize the total amount of i(|le time or equivalently 
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tc mialnize the tofel number of TOi^ers for a given.' ccrrreyor- 
belt speed” depending on production rate requirenents, the 
conveyer speed is fixed by the nnnngenent.. The mexioun time 
that can be assigned tc c.ny work station is colled cycle tine. 
The cycle tine is a function of the desired rate cf produc- 
tion. 

Since 1954, a number of no dels (as nrny as twenty) 
haive been proposed and 'published on assenbly line balancing 
probleu. The uetheds -which have been developed are cf two 
types (l) cptinua seeking algorithns -vda'ich consider and 
aiccept or reject fea'.sible sequences cf elenents within 'O. 
well-defined natheactical structure; and (2) heuristic-type 
aig'orithns which incorporate logi< 3 a.l decision rules to reduce 
the combina.toria.l content of ■the problem, in order to reach 
an optimal or nesir optima 1 solution.. The If tter type sacri- 
ficies assurance of optimality for the economy in computa- 
tions required to achieve an a. cceptable bala.nce. 

Most of the assembly lines are single product 
assembly lines. However, in certain cases, an assembly line 
is required to handle simultaneously more than one model of 
the same t-eneral product. In litera-.ture this is referred as 
mixed - model AIB problem. In essence, a mixed model AIB 
problem is a mixed— model sequencing problem. The mixed-model 
sequencing problem occurs in industries which desire to keep 
severa.l models in production rather tht.n produce batches of 
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eacii intfcrmittently. In mixed model balancing the objective 
is to sequence the units down the line so es to obtain the 
optimum utilization of assembly line operators. Kilbridge 
rnd Y/ester (34) vYere the first to handle the raixed model 
AIB problem in 1962. Since then very little progress hes 
been made in this field. 

Most of the work referred in this area, is based 
on the following assumptions : 

a. work element times are deterministic and are known 
exactly, 

b. the average work performance level (that is, the 
average rating) of a.ll operators is the same. 

However, for industrial assembly lines the above 
assumptions are not valid. There is ample evidence to point 
out that the perfoimance times are probabilistic and opera- 
tor performance level is variable. Data collected from lead- 
ing Indian industries employing large a.ssembly lines confirm 
that there is high variability associated with work element 
times and also there exists e wide difference in the average 
work perforamce level between operators. 

The work element times are cntually random variables 
approximaited by a norma.l distribution. Variations in work 
element times considera:bly affect the opera.tion of .an assembly 
line. In fact, if an operator on the line does not fini^ 



the tc.sk fssigned to hiiz in tine, the operctor rfter hia 
hr.s to stfnd idle till the job is relecsed by this operator 
c.nd then rfter receiving the job he is under pressure to 
vrork faster to grin brek the lost tine. If he does not, the 
problem is passed on to the next operftor. Therefore, an 
optical solution with an assunption of deterrinistic tines 
does not guarantee opth-ie.l solutions to industrial asser.bly 
lines because of the inherent va-ricnce in work element 
tines. 

Sirilarly CTsrrge perfoinaince rating of all the 
workers on C'. line nay not be the sane. Therefore, the work 
alloted to t station should netch with the operator alloted 
to the v/ork station. If not, operators with higher perfor- 
mance level will complete the work within the cycle tir.e and 
stand idle while the operators with lower perfornance level 
will not be in a position to coriplete the work within cycle 
tiaue. This creates problems sinilar to the ones in va'.rie.ble 
perfornance tines. 

Keeping in view that the solution nethodologies 
based on deterninistic work elenent tines and equal operator 
perfonuance levels do not yield practical solution for in- 
dustrial assembly lines, an attempt is made in this thesis to 
develop nethodologies relaxing these two assumptions. 



CHAPTEa 2 


SUEW OP REL/.TED ’'ORE 

A survey of fhe literature in the field of assembly 
line balancing reveals that the research reported in this 
area can be broadly classified into tw main categories. The 
categories are : 

i. Single Model Assembly line Balancing 
ii. Mixed Model Assembly Line Balfneing 

In single model assembly lines, the objective is 
to allot the work elements equally to all the operators on 
the line. In the case of mixed model assembly lines, the 
problem is to sequence the units down the line so a s to ob- 
tain the optimum utilization of assembly line operators^ 
luring the past two decades a number of algorithms have been 
suggested for balancing single model assembly lines. Research 
in the field of mixed model balancing got stsrted only in the 
pa-st decade and ha-.s not made much heed-way in solving prac- 
tical problems. The various methodologies reported in lite- 
rature for solving single and multi model assembly line 
balancing are discussed in the following sections. 

2.1 Single Model Assembly Line Balancing 

The single model assembly line balancing methods 
developed so far can be divided into the following two classes: 

i. Analytical Methods 


ii. Heuristic Methods 
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Single Model i-ssenbly 
V^Linc Bg.l£ncing Problen 



C Mnlytiorl Solutions^ ^ Heuristio Solutions ^ 



1. Sc-lveson (28) 

2. Jackson (l5) 

3. Bowricn (S) 

4. Held, et. al, , (ll) 

5. (jujhf-r and 
Heriaauser (10) 


1. Bryton (4) 

2. Tonge (32) 

3. Kilbridge & 
Wester (l6) 

4. Helgeson & 
Bimie (l2) 

5. Hoffr30.n(l3) 

6. Mnnscor(l9) 

7. Tonge (33) 
C. Arcus (l) 


1 nr.noe j 

^ .;_i7 

1. Moo die & 
Young (24) 

2. Eansing & 
Lowing (27 ) 

3 . Present 
Inwestigt - 
tion. 

V ! 

Present 

Inves- 

tiga- 

tion. 



Big. 2.1' DETAILS OE RESEi'^EGH IE SINGLE 
MODEL iJB BROBLBMS 
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figure 2.1 is e cli^ rt giving the details of the 
types of single nodel AIB problens which hrve been tccfcled. 
so for by vericus reseerchers. 

The first fonor.l steterient of the problcn wrs nr de 
in 1954 by Bryton ( 4 ) in his unpublished nnster's thesis. 
Shortly therecfter Selvescn (28) published cja frticlc on the 
foraulr.tion of lint belrncing problem. The discussion on line 
bi. It ncing literetture is nrrcnged in chrcnolcgicrl order within 
ecch sub-section. 

2.1.1 Analytical Methods 

The first article publi^ed in this area was by 
Saiveson in ’sdiich he has described the line balancing problem. 
He uses the precedence diagram to represent ordering relations 
among work elements. Saiveson points out that one could 
enumerate all possible work stations that best meet the re- 
quirements placed on the solution. He then gees on to propose 
a linear programming formulation of the problem. It should 
be noted that this linear progrf'.mming formulation is incomplete 
and a.llows unacceptable sets of stations to be formed. His 
article contains many useful insights into the relation between 
the assembly line balancing problem as it exists in an industry 
and the abstraction necessary for the application of mathema- 
tical techniques. However, the computational techniques sugges 
ted by him are stated very vaguely and therefore, complete 
evaluation of their usefulness is impossible. 
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Jcckson (15) has developed a computationel proce- 
dure using exhtustive enumeration. The method consists of ' 
enumerating all possible first stations, end so on so forth. 

Rules e.re given for eliminating one of the t-wo sequences of 
stations containing same elements and for eliminating that 
one of the otherwise identical stations containing smaller 
parallel elements. The author claims that the technique is 
exhaustive and therefore yields 'an optimal solution. The 
main drawback of this method is the high computational effort 
involved in obtaining a solution. 

Bowman (5) and White ( 36 ) have proposed integer 
programming formula’ t ions of line balancing problem. In integer 
programming formulation the number of equations and inequali- 
ties rise astronomically as the number of work elements increase. 
The method of solving the problem is not only tedious because 
of the size but is a' Iso very complex. 

Held, Ka-rp end Shareshian (11) have offered a method 
of solving the assembly line balancing problem using Dynamic 
Progra arming . They have approa ched the problem as a sequencing 
problem involving precedence constra^ints that prohibit the 
occurence of certa.in orderings. The method offers a. balance 
with minieum number of wark stations for a given cycle tine. 
Successive Eipproxination has been recommended by Held et. al., 
for la.rge size problems to reduce enormous computation tine 
involved if solved otherwise. When successive approximation 
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is mde use cf, no exact solution is gua-ranteed. Master’s 
study has revealed that the Held et. al. technique stands out 
to he the best, resulting ia the least idle tine araong all 
the AIB techniques. The technique has a linitaticn in terns 
of the problen size. As the problem size increasesj the cor.i- 
putftir.n tine increases end sc cne has to resort to successive 
a.pprcxinrticn. 

GujC'Jir and Heinhauser (l0) have developed a nathena- 
tical ncdel in which the objective functi-n (vinirdzation nf 
total idle time) is transferred into a; "Shortest Route" preb- 
leri in a network. This network has been constructed in a^ 
special way such that there is nc need to evaluate the "length" 
of the varic us arcs in the network. The ccapu'tati na l ineffi- 
ciency and the coaputer rcencry requireaents limit the a.pplica.- 
bility of the a-lgorithn only to saa^ll size problems , 

All analytical netheds (aa.thenr.tically based) propo- 
sed for line ba. lancing problen seen to be inpra cticable for 
real life industrial problems. This is due to the fact that 
the industria.1 prcblens are noraally large in size and there- 
fore require la'.rge a mount of co’uputc.ticnal tine. It is unfor— 
tuna.te that a.t present an answer tci this question ''f practica- 
bility does net seen to be available, since there apparently is 
no fc'mula or prescription on hand to detemine the nunber of 
feasible orderings for a given problen with a. rer.sonable 
conputa.tion tine. In addition, all -the ana-lytica.l i_odels 
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assume deteiministic work elements end equal performance 
rating for all operators. Tliese assumptions are not walid for 
most of the industrial assembly lines. It may be concluded 
that all the analytical methods provide us with a deeper in- 
sight and understanding of the problem rather than determining 
a practically usable solution. 

2.1,2 Heuristic Metho ds 

Bryton (4) has presented s procedure for interchan- 
ging work elements between stati'-ns to reduce the cycle time 
for a given number of statins. In Bryton' s methodology work 
elements are initially assigned tc the vfricus stations amd 
then work elements are interchanged successively between the 
stc-tions with the largest and smallest v,crk contents. The 
interchanging of work elements can also be in pairs which can 
be traded without violating cenditins of the precedence res- 
trictions and whose time difference is closest t'. one hailf 
the difference between station idle times. The primary 
problem with Brytor’s procedure is thast an extensive amount of 
search is required before work elements can be traded without 
viola.ting precedence restrictions. In addition, the initial 
feasible solution may be ol limiting factor on the amount of 
improvement that can be achieved. 

Tonge (32) ha.s proposed a. method for balancing 
assembly lines utilizing heuristic rules for grouping work 
elsoents (Ph£ se l), assigning work elements (phase II) , and 
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transferring work elenents aimng stations to obtain even dis- 
tribution of work anong the stations (Pha.se III). Tonge has 
defined three co'rripoimd elenents to be used as the basis for 
grouping work elenents. The conpound elenents are ; chains, 
sets and Z’s. A recursive procedure is used to group work 
elenents into conpound elenents. The rep&ated applict tion of 
grouping procedure results in a. hierfrchy of sinplified prob- 
lens. Work cleuients a-re transferred anong, vcrk stations until 
the distribution of work among the stations is as even a.s 
possible, Tonge states that the princry purpose of his heu- 
ristic rule is tc illustrc-te hew sene of the prcblen solving 
concepts proposed by Newel aand Sinon (26) nay be applied to 
industriail problems ra.ther than prove that these concepts have 
any real econonic value at present tine. 

Kllteridge and Wester (l6) have suggested a nrnual 
nethed of line balancing. It involves transfer, trading etc-.., 
of work elenents. The inportant as well as novel contribution 
of this neth'od is in the initial setting of work olenents. The 
initia.l setting highlights the relative range of positions 
thait certain of the less constrained work elenents can occupy, 
and ailsc groups the work elenents that can be permitted among 
themselves. While the methodology relies heavily on intuition 
and judgement, it eases the job soneifihat by providing a frame- 
work vtiich directs attention tc the cost "mobile" work elements. 
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In the other articles Kilbridge and Wester discuss the balance 
delay problem (35) j review of techniques developed for line 
balancing (l8) and present application of their technique to 
an industrial assembly line (l7). 

Helgeson andBimie's (l2) algorithm consists of a 
heuristic rule that assigns work elements to stations on the 
basis of work content that follows the work element under con- 
sideration. Each work element is given a weight equal to its 
own time content plus the time contents of all the elements 
viiich must follow it. The work elements are ranked end listed 
in the descending order of weight. An attempt is made to 
assign the v©rk elements in that order to the first work sta- 
tion. If an element time is greater than the rema.ining tine 
for the station, ttien it is passed over in favour cf another 
elQient farther down the scale, provided that precedence or 
zoning cfnstra.ints are net violated. Once a station is filled, 
the next station is cissigned elements starting with the first 
una.ssigned work element in that order. This procedure of 
work a.llotment does not guarantee optimal solutions and in 
some ca.ses na.y lead to very eparse balances. The technique 
is logically simple, requires little ingenuity and can be 
applied by persons w'ith little mathematical knowledge. A more 
detailed description of the nethe d is presented in Chapter 4. 

Hoffman (l3) has proposed a- method of minimizing 
the idle tine at each successive Bta,ticn. He genera-tes all 
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feasible station assigments that do not exceed the selected 
cycle tine and selects the best arrengenent fron these mth 
the help of a triangular precedence na.trix. The tasks for the 
first station are selected fr n the feasible sub-set of tasks 
such that the idle tine for the station is ainiaun. After the 
set of tasks f-r the first stati n have been selected, the 
second station is opened. The tasks are assigned in the sane 
uonner as -wfis d.ne for station me. New stations are opened 
and the procedure is repeated till all the tasks have been 
assigned. The application of Hoffman's procedure results 
in local ciniaun which nay or nay not provide an acceptable 
solution t'. the tofel problea, 

Manscor ( 19 ) has illustrated an inprovenent on the 
Helgeson and Birriie's raihked prsiti na.l weight technique. 

The iuproveaent is br ught in by deteroining the nost effi- 
cient oyera.ting conditions considering all wcnk unit conbina— 
ticns fjr vc.ri.ns cycle tines. Mcnsoor's nethod flags the 
3?anked positional weight neth' d when idle tine gets tea high 
and then it backtracks, Backtraicking is done until either a 
balance with desired nunber of stetirns is f?und or cycle tine 
is increuented. It is clained by Mansoor that the nethod 
v/ould lead to an optinal solution but experience shows that 
it need nc^t necessarily be sc. M-merver, backtracking nay 
prove to be very unecononical in terns of conputatim tine 


v/ith sene of the problems 
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In 1965, Tenge (53) h-ne devel^'ped r. procedure t' cope 
with the conb jxLe.torici aspects of the assenbly line belmcing 
by c. ubining a few heuristics probabilistically. The author 
has enphasized the follcwing heuristics {• Choose the task 
with the largest operation tiaie, choose the task with naxinuri' 
followers, cho''se the task rand nly. -Tenge clained that the 
randoQ selection of heuristics f'^r choosing the next task 
does as well es or better than either use of individual heu- 
ristics alone or ramdou choice of the tasks directly without 
intervening cn the choice of heuristics.. Arcus (l) has repor- 
ted a better procedure which is discussed latter in this 
section. 

Mc'Cdie and Yeung (24-) hove developed a two phase 
heuristic procedure for balancing assenbly lines. In the 
first phase a prelininary balance is obtained by using largest 
candidate rule. In the second phase heuristics ore used to 
shift tasks betv/een stations in an attempt to reduce the line 
idle tine. The ba-sis of phase 2 is the work o-f Brytcn (4), 
Mcodie oind Young's procedure allows task perfortiajace' tines to 
be va.ria.ble. They r.ssune that the task tines are independent, 
norri&lly distributed rr.ndon variables with known nean oind 
variemces. Bor the case of variable performance tines, in 
phase 2 an attempt is nade to equalize the variances between 
stations. Consideration of variability in perfernonce tines 
is a step in the right direction if a line balancing technique 
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is to be adopted for iadustrial assembly lines. The effect of 
variability in performance times on the solution is presented 
in detail later in this chapter. The extensive searching pro- 
cedure involved in the methodology forbids its application to 
large scale balancing problems. 

Arcus (l) has presented a tediniQue that samples feasi- 
ble sequences of work elements and essigtswork elements to 
stations in the order indicated by the sequence. The sequence 
#iich incurs the least amount of idle time is selected to be 
the solution. In his first approacli the work elements are 
selected randomly. However, to improve the results he intro- 
duced bias into the selection by wei^ting the work elements, 
Five weights have been developed and employed. As an alter- 
native approach Arcus has tried to load the stations maximallj?- 
before passing to next station. A-rcus' technique stands out 
to be the best for large assembly lines in view of the computa- 
tional hazards for Held et. al. (ll) technique. A detailed 
discussion on Arcus’ methodology is given in Qiapter 5. 

In 1968, Mansoor (2l) has developed an algorithm to 
take care of variable performance levels.. Mansoor in his 
app3?oach firstly establishes the minimum number of work stations, 
the cycle time and then selects suitable operators to man the 
job. He calculates the amount of work each operator can per- 
form and then assigns work elements tb meet the precedence res- 
trictions and operator capacity. By trying to take care of the 
performance levels, Mansoor has definitely gone a step ahead 
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of other researchers in balancing real life assembly lines. 
However, the determination of the solution requires a lot of 
backtracking and so the computer time required becomes consi- 
derably high. 

Ramsing and Danning (2?) have extended Helgeson and 
Birmie's algorithm to account for the variations in operation 
times. Except that they tried to account for the variability 
in service times, the algorithm is the seme as that described 
by Helgeson and Bimie. 

The main objective in all the above heuristics is to 
reduce amount of search needed to solve the problem. The heu"- 
ristic procedures substitute "the effort-reduction for guaranteed 
optimal solution of an analytical method. The heuristics have 
proved useful in balancing a variety of assembly lines. They 
require a little ingenuity end a basic knowledge of arithmetic. 
Therefore, these techniques and the obteined solutions are 
easily understood by the line supervisors. The heuristic pro- 
cedures normally yield more then one solution to the problem 
and this gives some latitude, in the hands of the line supervi- 
sor to alter the sequence of work elements wiliiout disturbing 
the optimal balSince. 

2.2 Mix - Model j^ssembly Line Balancing 

Wester and Kilbridge (34) were the first to propose a 
methodology for mixed model AEB in 1964. They have presented 
two basic approaches for the optimal sequencing of models or a 
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mixed model assembly line. Each, of the proposed approaches 
tries to accomplish effecient use of assembly man-power and 
avoidance of congestion by carefully sequencing the models, 
launching’ of models in one cese is done at varisble rate 
(variable Eate launching) and in other case at a fixed rate 
(Eixed Rate Launching), Kilbridge and Wester have assumed 
that total work for each model is evenly divided among the 
operators, the work stations are adjacent and non-overlappong 
and each station is manned by only cne operator. Because of 
these assumptions the model holds good only for hypothetical 
situations and is not applicable for solving practical prob- 
lems. 

Thomopolus (3l) has developed a procedure for adopting 
a single model line balancing technique to mixed model balan- 
cing. By defining vairious inefficiencies and the costs asso- 
cia.ted v;ith them, Thomopolus suggests a methodology to sequence 
the EDdels in such a way that the total cost of inefficiencies 
resulting from scheduling a unit of a given model is kept at 
minimum. Beca.use the line bflfncing and sequencing procedures 
consider a variety of factors, they are applicable to many types 
of assembly lines. Thomopolus' approach to model-mix problem 
looks more exhaustive than the study by Kilbridge and Wester. 

Roberts (29) has used an integer programming approach for 
solving a multi-model ba.lsncing problem. A network analogous 
has been applied to mixed-model line balancing problem. Roberts 
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has given only a theoretical formulation. Uo mention i'as 
been made regarding its computational feasibility or applice'-- 
ticn to industrial problems. 

Only a beginning has been made for solving the model- 
mix problem. All the methodologies are based on the basic 
assumption thet various models have been balanced individually, 
This may not be a correct assumpti-n thcu^ it simplifies the 
problem to great extent. Effect of balance-delay on model 
launching is thus totally ignored. The assumption of cons- 
tant performance time and equal operator performance level 
further reduce the applicability of these models for indus- 
trial problems. 

2.3 Scope for Present Investigation 

2 , 3.1 Service Time Variability 

Mcodie and Young (24) andEamsing, and Pawning (27), 
analyzed th* AIB problem with the assumpti-^n that the service 
times are probabilistic. As has already been pointed out, 
the Moo die end Young's method Buffers from computational in- 
efficiency and Remsing and Pawning's method produces very 
coarse balances. Other researchers ha^ve either completely 
ignored the variability in service times or assumed it to be 
compensaited by delay s-llow^nces. nevertheless, due to the 
human element which is always present in the assembly of ope- 
ra.tions, the time necessary to perfonn a work element is 
hardly deterministic. Many factors like difficulties in 
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fitting parts, design of the vvork place, the speed and 
sharpness of tools, and the effort, attention and methods of 
workers affect the performance of the operator. If average 
vcrk element times are used for line balancing, then on an 
average fifty percent of the items will net be finished with- 
in the cycle time, causing serious hold-ups of the line. 

Clearly, if sound balances a^re to be produced for assembly 
lines the variability factor should be considered. 

The following are seme cf the possible wa^ys which can 
provide solution to the variability problem: 

i. Provision ;f inter-stage buffers between stations, 

ii. Ma.intenance of utility workers, 

iii. Provision of allovrence for variability in cycle tjjne. 

Intermediate stcrage between stations reduces the loss 
of productivity vAiich results fr'm stochastic variations in 
werk element times. Provision cf inter— stage buffers makes 
the work stati-^ns independent of each Either and this results 
in am increase in the efficiency the assembly line. The 
provision cf finite buffer capacity between successive stations 
may not be always feasible due t;. practica.1 considerations. 

Por example, :n a continuously moving conveyor belt there can 
not be a provision for intermediate ste rage space. Under eitua— 
tions when intermediate storage is practical, one should keep 
in view that the buffers involve sizable costs in terms cf 


lo eked cap ital . 
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Due t'" st^'-ciiastic veriati-ns In Tvork element times, 
sometimes the operator has tc cross the dovaistream work 
limits to complete the work. Under such a situation, a 
utility worker may he needed to take care of the additional 
work tc be performed at this strti'''n. The proposition of 
maintaining an utility w'rkers d'"es not seen to be a worth- 
while proposal for two reas'ns. The number of utility wor- 
kers may be so hi^h that it may net be economical t^ employ 
a utility workers. Moreover, the effective utilization of 
utility workers time would be very difficult in large lines. 

The variability in work element times can also be 
acC'-’Unted for by providing an allowance at each work station. 
The magnitude :jf allowance at eaich work station depends on 
the work elenaats alloted to this station. The prob£;bility 
of the operation time falling above the cycle time is reduced 
due to the provision of this allowance. This results in a 
better productivity because the visual loss in production due 
to this allowance is more than offset by the increase in 
production resulting fr*m less hold-up time. An allowance 
c'.f this type vhen provided a.t each wr-rk station helps in 
gaining the confidence rf the wr^rkers. Further, it provides 
a very well balanced line with predictable assurance that each 
operator will complete his ■'•■t her job within cycle time. 
Keeping in view the merits of this procedure, a methodology 
accounting for this feature has been developed in this disser'- 


tat ion. 
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2,3.2 Varifiblfc' Operator Performance Level 

It is a well known fact that different people have 
different capabilities t- 4" a task. Therefore;, the operators 
working, on nn assembly line have different levels cf perfor- 
mance. If an ssBumption is ii£‘de that the performance level 
of all operait rs is the same, a worker with lew performance 
level would take more time than a worker of higher performance 
level. If a line is balanced based on this assumption some 
workers would be ts.king more and some less than the stipulated 
time. This cetuses the line to be unbalanced. Thus, it is 
logical tc distribute the assembly wrrk operations among the 
operators sc that eadi operator, as far as possible, comple- 
tes his work within the given time. One attempt made to 
take care of this factor was by Mansoor (2l). But Ifcnssor’s 
methodology applies only for deterministic work element times 
case. 

If the above two factors are neglected a non optimal 
solution is being sought to the line balancing problem. In- 
corporating the above two factors v/ould not only produce 
better balances but also increases the predictability of the 
results. Though the intro ducti''n of unequal abilities and 
probabilistic element times complicaites the line balancing 
prc'blem, the assumption that these are negligent dees not 
give optimal or near optimal and impl.^entable solutions to 
the line balancing problem. Therefore, the increase in time 
and effort involved by relaxing the assumption is wnrthTdiile. 



CHAPTER 3 


MATHEMATICAI EOEMUIATION 

This ciicpier is diTided iato four sections. Section 
one is exclusively devoted to the expls. nc-tion cf the ira.- 
portnnt terms in line bolcncing. Section tw- ccntcins the 
ncmencleture of the ternis explained in section Tie, The 
problem statement is introduced in section three and finally 
in section four, the mathematical formulation is presented. 

3.1 T ermine logy 

Vork Station s An assigned locaticn or zone where a desig- 
nated am.unt of work is performed. A work stethn is usually 
manned by one operator but it is possible that stations have 
more than -ne opera t^-'r. 

Station T/ork Conten t ; The anount of work assigned to b . 
specific station •■.n the assembly line. The tctai werk content 
of any stticn is equal t' the suoLiation of the mean time values 
of work elements nlloted tc the station and an allowance for 
work element variability. 

Work Element ; The minimum rational division of the task. 

This is na.tura 1 minhaum time unit beyond which the work can 
n..t be logically divided. 

Cycle Time s The tim.e period for which a unit cf product 
being a.ssenbled is normally a'.va.ileble tc an operator perform- 
ing his assigned work. Per a given conveyer speed the cycle 


time will be constant. Cycle tine can be thought of as an 
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elcpsed tiiae between successive units passing a given point 
'.'■n the assenbiy line. The cycle tiae is usually pre -deter- 
mined by menagement in order tc achieve a desired picductive 
output within a given period cf time. 

Delay Time or Idle Time : It is the difference between the 
time that the part stays at a work station and the time allowed 
f>..r performing the necessa.ry w.rk. In ether words, idle time 
is the difference between the cycle time and the station work 
.content. 

Cumulative Idle Tine s The amount cf pi^ductive tine lost 
along the assembly line because of an imperfect division of verk 
aiij-'-ng the vYcrk stafims is c£'.lled the cumulative idle time. It 
is the aimaati'. n •'! the idle times at every work station on the 
assembly line. 

Idle Time Rcitio ; This Is the ra.tio of the cumulative idle 
time tc the total work content rn the line fer the pr'^duct. 

Types of Balancing Restricti ns s The restra ints to the 
balancing problem can be grouped into the frll')wing tw cate- 
gories ! 

i. Precedence relati-.ns : The technological ordering 
cf the work elements needed to produce a product* 
ii. Positional restrictions ; The restrictions' imposed 
upon the position of the operator or product vixlle 
assembly of the product* 
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Preoedence G-raph or Diagrem J This is a graphical display of 
precedence relations in a line balancing problem. Products 
may often be assembled in many different ways because of the 
commutability relationship of the work elements. /■ precedence 
diagram shows all possible feasible ways of ordering the work 
elements, Por a large complex line, the precedence dxagram 
can get out of hand due to large rumber of work elements in- 
volved. In suchacase one may proceed by "Chunks", selecting 
the major sub- a.ssemblies first to draw the precedence diagram 
and then procetdiiig with the other sub-assemblies. Prentmg 
and Batlign (25) have given a detailed descripticn of steps 
involved in making a precedence gra.ph. 

labour Pool t t labour pool is one containing operators with 
equal performance level or equal rating. 

Or era, ter Rating : This is a measure of an operator's avera^ge 
rate of wf'rking. In this study, the wo.rk performance level or 
v':pera-tor rating is specified in terms cf British Standards 
Institution Scale ( 6 ), 

3.2 F 'mencla ture for Mathematical Pormulatir-n 

The following notations have been used f'.r the mauthema- 
tical fcrmulati-n. 

i - work element identification number 1 iC i^ F 

N - tote 1 number of work elements on the line 

k - work station identificati n number 1 k 4. 
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R (m) 


- total number of work stations on the line 

- cycle time 

- assembly hours per shift 

- prc' duct ion -vclume per shift 

- standard performance time O'f vfork element i 

- variance of work element i 

- work content alloted to station k 

- constant multiplier to standard deviation 

- idle time of station k 

- cumulative idle time of the line 

- labour pool identified ti n number 1 3 M 

- total number cf labour peels 

- number of operators in labour pc'-'! 3 

"til 

- rating of operators in the 3 labour pool 

- average rating for a gr^up of M operators. 

- Prob C), probability of the stati'n -.peratirn 

time Sj^ falling within the cycle time. Indirectly, 
it is a measure f^r reliability -f stf-'tii^n k. 

- reliability of the assembly line system 

- allowable work load for an operator in the 3 
labour pool. 


3.3 Problem Statement 

An assembly line baiancitg problem inv"lves a set 
of vork elements which have seme kind ^'f precedence relation- 
ships among them. The various wrk elements have probabilistic 
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time contents which, can be approximated by a statistical 
distribution. The objective, in general, Is either tr. 
minimize the number of work stations for a given cycle 
time or to minimize the cycle time for £i given number of 
work stations. The problem is to balance the assembly line 
using the following information. 

G-iven : i. Cycle time or number of work stations. 

ii. The w.irk elements and their precedence 
relationships. 

iii. The mean time and variance •"'f various work 
elements, 

iv. Level of confidence desired f ■: r the c mple- 
ti.in of work at each work station. 

Constraints; i. Each work elaaent is alloted tv, one and only 
one viC'.rk station. 

ii. For desired level ■■'■f c nfidence, the sum of 
the work element times plus associa’ted va-ria— 
bilitiea dv~ not exceed the cycle time. 

iii. Precedence restrictions are not violated. 

Assumptions; i. There are no zoning cr^nstre-ints. 

ii. Each work station is manned by only one 
operator. 

iii. The cpeiavtion time vt.-lues are distributed in 
a pattern thet approaches m'mality closely 
enough so that statistica-l inference 
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based on normal distributions o-f random 
variable nay be employed. 

iv. The time contents oi the vari'"us ele- 

ments are independent of each other. 

V, The work elanent va;ria.nce at a work station 
is the sun of the variances of work elements 
alio ted to that station. 

The last three assumptions have already been justified 
in the literature. Hicks and Young (l4) subjected the tine 
study data for the analysis cf variance and concluded that 
the assurapti'n of normality for time study data was reasunc.bly 
safe. Buffa (5.6) presents infrimatirn -n studies that show 
that interaction among motion elements does not have a, sogni— 
ficent effect on their additivity.' 

3.4 Mathematical Formula ti'''n 

The mathematical formulation is divided into two parts 
In the first part, it is assumed that the opeia.tvrs heive same 
perf rmance levels end the vnik elaaent times are probabilis- 
tic. The objective is to minimize the number cf staitions for 
the given cycle time. In the second part variable performance 
level end probabilistic v/ork element tines are c^'-nsidered. In 
this case, 1iie objective is to minimize the cycle time for a 

given number of work stations. 

The cycle time is determined by dividing the a-ssembly 
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liours per shift by the desired production voluiae per shift. 

Mathenf tically C = H/P 

The deteroination of cycle time is usually a manage- 
ment decision TOriable ^\faich depends on the production require- 
ments. In the first formulation v/ork element tines are con- 
sidered as probabilistic. Here the objective is to keep the 
cycle tine constant end nininize the number of operators. The 
second foruulation is based on the probabistic work element 
tirces and variable operator perfor'iance levels. In this, an 
attempt is made to minimize the cycle tine for the given num- 
ber of operators. 

3.4.1 Constant Operator Perforrcence Level 

L constant opera.tor performance level for all the 
opeit tors t.ieJ.ns that all the operators are 100 percent 
efficient. This implies thai the cycle time for each operator 
ci'n be kept the same. The total arnunt of vnrk alloted to each 
opert.tor has to be equrl to or less than the line cycle tirde. 

In this ca-se the line cycle tiiue and the work load allowed for 
each operator are the same. Further, based on the essumptions 
of nor;'.iality and independence of work elements, one. can say that 
the station operation tine v/ill also follow e normal distribu- 
tion with variance equal to the sum of the variances of work 
elements a.lloted tc the work sta-tion. Figure 3.1 gives the 
assignment of work elements tc station k when work elements 
are probabilistic. 
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The ten-.i to the right cf CK is a constant for c given line.- 
Therefpre; 

D = CK - C'-'nstant. (3.6) 

Kor a given cycle tine, laininizing the balance delay 
amounts to minimizing the work stations or the nuaher of 
w' .inkers on the line. 

The term 5'' Y. is an allowance provided fcr 

itk ^ 

prchabilistic v/ork element times. The allowance provided at 
ei. ch ststicn depends cn the work eleioents alloted tc the sta- 
tion ind the level cf confidence desired at the station. Let 
r he a factor whose va.lue depends on the desired level cf 
c.nfidence. If a manager wishes that 97 . 73?*’ of the tines the 
Vv'i rk f s signed to a work station is conpleted vithin the cycle 
ti.ie then the value assigned tc r is 2. Therefore in this 
Cf se the sun r.f the average tiroes fcr the elenents assigned to 
the w:’rk ste.ticn should he equal to or less than the cycle tine 
r.inus tw/:i times the sum of the squa.re^.^'va'riances ' f the elements 
assigned to the station. The allowances for "various stations 
w'lUld he different for the fc Hearing tw' reasons. 

i. The amount of variability imbedded int'i various work 
elements na-.y not be the sane. 
ii» The number of v/erk elenents alloted to the s"tations 
ma.y not be equal. ■ 

In ether words, instead of providing a-. stenSrd percentage of 
allowance fcr all operators cn the line, the staticn allowance 
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depends upon the particular ccribineticn "'f tasks assigned tr. 
that stati.n. The vadue of 'r’ can be cbta ined fr"".. a table 
..^f areas under the noma.l curve. 


3’.4.2 Variahle Operator Perfomance level 

The f';rnulati^n presented in h-iis section is based 
n relaxing the a.ssunption of c''nstant perf''rnancc level of 
operators. In this fcmulatvn the nuuber •'•f v''rkers and their 
respective rfitings are assuaed t" be known-. The objective is 
t- uinix-hEe the cycle tiL..e for the given number of Oiperat-xrs. 


The best S''luti:n t;. the prahleu wouli.! emerge if 'ne 
could distribute always the to'tal work contents am-ong the 
operators such that each operatr r gets total v-c-rk load whicn 
he can complete within the cycle tine. 


Let the to-ta.l lab-.-ur be divided int-o M labour p-'cls. 

.th - , T 

then '■II the load allcwed for the operator in 3 lab'ur p-cl 

3 

is given by 


W. = C * 
3 




B (k) 


vhcre j = 1} 2, ... M (3«7) 


The wilue of B (k) is calmlated using the expression 


B (k) 


M 

a 2 K. . 

K j=1 3 3 


( 1 . 8 ) 


If an cperati'r fr-n labr.ur po-rl j is selected t' nan 
the k^ station then the equations 3.1 and 3.2 get rodified to 

a 
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and 


W 


(•3,'10) 


\Tiiere W is calculated froa equrtion 3.7 
J 


Then 
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i&k i'^k 

The stc.tion idle tii;.e end the total idle tir.ie can he expressed 
as 
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The second tern on the right hand side c'f ei^ation 
3.13 is a constant for a given line. ' Therefore, 


R. 


E = 


i=1 E (k) 


N , Constant 
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(3.14) 


M 


Erom eq.. 3*8 = — 


— >, R. * I. = K 

e(k) 3=1 ' ' 


(3*15) 


Therefore 


D = CE - constant 


(3.16) 


I'hus, for a given nucber of vork stations nininizing 
the talence delay amounts to minimizing the cycle timej 


8.; far, we have c nfined ."urselves to- the prohleu of 
building reliability intc the work staLtions. However, a manager 
is more interested in the reliability of a-sseoibly line system 
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i.s cor.ip£.recl tc tht reliability of Individual work stati'n. 

The asseuibly line systea ccnsists of e large number cf work 
staticns in series. This nans that if the we rk station 
tine for any to rk stttion falls above the cycle time, the 
system is disturbed. The reliability of the assembly line 
system is expressed as the product -f the reliability v-^f all 
the w^'.rk stations on vhose setisfact..ry operation the system 
depends for its survival. For *E' wonk stati'n in series, 
the system reliability is given by 

I. 

^s " ^1 * ^2 • ^3 \ ^ 

In the next few chapters nethrdolcgies tc solve 
the £ib- ve structured prcblens Gre presented# In Che pters 
4 f nd 5 procedures for s'.lving the illB prc.blen with * proba- 
bilistic work element times end equel operetor peri^^rmcnce ere 
presented. In Chapter 6 an attempt is made t^' present an 
appr.ach tc hrndle IJB problem with pr-babilistic work elements 
and 'va.riable operetcr performance. 


CHAPTER 4 


MODIFIED RANKED POSITION 
VffilCHT TECHNIQUE 


4*1 Introduction 

In this Chapter, an AEB methodology which accounts 
for Tc-riahility in work element times is presented. The 
methodology utilizes the basic concepts of Helgeson and 
Bimie's (l2) RPW technique. / new' method for calculating 
positional weight is proposed and concepts like. Porwa.rd and 
Backward Balancing, end Balancing Matrix are introduced as 
aidB_ for solving large scale industrial aissembly lines effec- 
tively. Before presenting the methodology it would be worth- 
while to analyze some of the important characteristics of AIB 
problems and present a critical examination of RPW technique. 

4.1.1 'Characteristics of /IB Problem 

The key idea in line balancing is to put the work 
elements in some executable order, either before they ore 
aissigned to the stations or as they are assigned. An ordered 
arrangement of 'N' work elements that can be performed in that 
order is called a feasible sequence. 'N' wC'rk elements can be 
arranged in N1 distinct sequences. However, because of prece- 
dence relations only some of these Ni sequences will be 
feasible. If there are 'r' precedence relations among ihe 'F' 
work elemeits, then there are roughly Nl/2 distinct feasible 
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sequences. For excmple the estimete for the number of feasible 
IC 

sequences is Si/2 44 f;,i:> the eight element prcblam vdiose 

precedence-gre.ph is given in Pig. 4.1, 

1 feasible sequence can be turned into a balance in 
the following v/Ciy. Y^ssign the w:;rk elements ti- wc'rk stations 
in the order given by the sequence, i.fter several w^rk ele”- 
ments have been assigned it will be found that the next are 
in the sequence will ret fit into the first work station be- 
cause of the cycle time restriction. 



Pig. 4-.1 Precedence Gre'ph - eight element problem. 

This work element beci mes the first in the see nd station and 
the prc'cess is continued until the next w.-rk element will not 
fit into the second station. This work element becomes the 
first one in the third wnik strti'n and we c'^ntinue in this way 
until all the 'W wt'-rk elements have been assigned. 

If all the feasible sequences are evaluated, the 
sequence which requires minimum work static ns becomes the 
(optima.l balance. It should be noted that twe different sequen- 
ces ma.y require the same number cf work stations. Therefore, 
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there cfn be mere then one optimal srluti'n to a line balancing 
problemi in cptimfl S'’luti.n is guaranteed if all the feasible 
sequences are eva.lua.ted. But enunerati-n -'f ell feasible se- 
quences is quite complex. because ihe number f ftosible sequen- 
ces increase at a very high rate as the number r^f work elements 
increeses. Berj S-S few as fifteen vr rk elements without prece- 
dence constraints, Arcus (l) reported that the number of 
feasible sequences would be 1, 307, 674, 368,000 - the examina- 
ti:n and evaluation of which is beychd the life span cf a man 
or a. computer. Generati.'n cf finite number of fea.sible sequen- 
ces is the only alternative. However, if a finite number of 
feasible seQ’.iences a.re generated there will be a probability 
associated with getting on optina'l solution, 

4.2 Hanked Positional Weight Technique 

In the ranked positional v/ei^t technique propC'Sen 
by Helges n and Bimie (H)? aa.ch w-rk element is assigned 
a. positional weight. The selection of i.''-rk elements for 
assignment tr. the various work stations is d-ne by using 
biased pnsiti'-nal weights of the wr.rk elements. A single 
sequence which is takren as the solution to the ;,IB problem xs 
constructed. The positional weight of an element is the sum 
of its standard peri rmance time and the standard performance 
times of all work elements which must fc llcw it. After calcu- 
lating the positional weights the elements are ranked; Keeping 
in view the cycle tii:ie and precedence constraints the elements 
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are alloted to the ’Aork stations in the descending order of 
the positional weights. Helgesan and Bimie (l2) did not 
explicitly gire the logic behind the determination of posi- 
tional weights. The procedure of assigning the work elements 
with the. largest wejght first, seems to be quite logical 
because the element with the largest weight is likely to have 
either highest number of followers or follow'ers with large 
standard perfoimance times. If this element is selected, it 
is likely to span larger list of elements for allotment or is 
likely to make available elements with large standa-rd perfor- 
ms nee times. 

In 1970, Ranising and Downing (27) tried to extend the 
ra.nked positional weight technique to as&eiably lines with va- 
riable element times. Ramsing and Downing incorporsled Moedie 
and Yeung's (24) ■va.riS'ble station assignment concepts into the 
line balancing problem. The ranked positional weight technique 
w©s used for alloting the work elements to the stations. This 
approach suffers from the daortceming mentioned below. 

As is seen from above, in the RP'P technique, only 
two inputs vary as one progressively constructs a sequence, 
the work elements standard perfcqrmance time and the niuaber of. 
work elements which subsequently follow each work element. The 
variability in w,'ork element times is totally neglected in the 
weighting procedure. If variability in work element times is 
also c.nsidered in calculating positicnal vfeights, w/ork elements 



41 

with, high varit-bility get selected initisxily and £.lsc there 
are chances of elements with high variability beccming avai- 
lable early as one progressively constructs a sequence. 

4.3 Conceptual Inputs Ibr Methodology - 

The following concepts have been introduced for the 
development of the proposed methodology. 

4.3.1 Modified Weighting Procedure 

As has alreaidy been mentioned, -variability in vork 
element times is an important factor and therefore should be 
included in the weighting procedure for getting better balan- 
ces. In order to incorporate variability, in addition tc wc;rk 
element standard performance time, it is logical tc include 
the effect cf variability vtiile calculating the weight. The 
modified method of weighting the wjrk elements would then be 

"Weight elements by the standard performance time 

plus a value obtained by multiplying the square root of the 

wl rk element time variance by a constant for the element under 

cons idera.t ion and all the elements that follow it . 

f 

Mathematically, W. = S- 

3=1 

vtiere is the weight attached tc element i and f elements 

follow element i. 



The. logical inclusion of the variance teim in weight- 
ing has the following advantage. An element with the largest 
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weight, in the modified method of weighting, he s elements 
with le.rge yariabilily end elements with large stenderd per- 
formance time as its fcllow'ers. This enables the eerly 
selection of work elements witii Icrge variability fnd large 
stcndard performance time. The effect of loading large ele- 
ments is benificia.1 becs-.use by loading Ifrge elements first, 
the sma.ll elements are then available for packing in the re- 
duced space. 

4.3*2 Pcnward and Backvs^-rd Balancing 

The conventional method of loo.king at the assembly 
line while balancing is fr-m the stant of the line t-- the end 
of the line. An element with nc precedents is allotted to the 
first w/ork station. The criterion of alloting work element 
without any precedents to statin maty be teimed as "forward 
balancing". The O'ther way of lorking Sit the line would be 
from the end of the line to the beginning of the line. In 
that cotse, Vvork elements with nr followers are allotted to the 
last wi,--rk steti 'n end the sequence is constructed fr^m the 
end f’f the line. The metbi'd of constructing sequences with no 
followers is termed as "badiwatrd balancing". Solutions ob- 
ta.ined by forward balancing and brckwa.rd balancing need not be 
imprc;vements ever one another. The a Iterna tive solutions 
provide £■ simple and convenient means for determining whether 
better solutions are likely to exist or not. In fepvard balan- 
cing the work elements with the highest positional weight are 
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given first preference while in the c&se -f beckvierd balancing 
v.crk eltments with lowest posittonsl weight ere given first 
preference* 


4 . 3 • 3 B Ewle.ncing Matr ix 

The belrncing matrix is en extension of the prece- 
dence matrix introduced by Hcffman ( 13 ). Hefftasn's precedence 
matrix takes care of only the immediate followers vdierea s in 
balancing matrix £.11 the elements that f llcw are sh- toi. 

The balmcing matrix is a square matrix in vkich. 
the rows tnd columns arc labelled with consecutive element 
numbers. Entries in the matrix are made in the following 
ma'nner * 

i. If the element rf rc-w i is f''- 11c wed by the 
element of column j, a " 1 " is platccd in rew i 
and column j. 

ii. ill other entries are zari^s. 

The balancing matrix f''r tie eight element problam 
depicted in Eig. 4.1 is given in Table 4.1. 

Table 4.1' Balancing Matrix - eight element problem. 




^j'12 3 4 5 6 7 8 


1 0 1 

2 0 0 

3 0 0 

4 0 0 

5 0 0 

6 0 0 

7 0 0 

8 0 0 


1 1 1 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 


1 1 1 
1 0 1 
1 1 1 
0 1 1 

0 0 0 
0 0 1 
0 0 1 
0 0 0 
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The important features cf haiancing ma.trix are 

i. The balancing matrix is on upper triangle matrix. This 
will always be true if lower numbers go into higher num- 
bers and also if there c.rt no centre. dictory precedence 
relationships. 

ii. If the column corresponding to element i has all zeros, 

it indicates that the element doesn't have any precedents. 
For example element "1". 

iii. Similarly if the row corresponding to element i has nil 
zeros, it indicates that the element does not have any 
followers. For example elements "5 and 8". 

In the following section a step by step procedure for 
the method". logy using the above concepts is presented. 

4.4 Methodology 

For, forward balf-ncang, the essignment cf the elements 
to vtiricus work stations is made according to the following 
steps ! 

Step 1 5 Determine the pcsiticnal weights of all the work 

elements on the line. This can be d-’-ne by keeping 
'1' along the diagonal of the balancing matrix and 
multiplying it with a column vector containing the 
standard perfoimance time plus a constant times the 
square root of element time ■variance. 'I's are 
placed along the diagonal of the balancing matrix to 



tfke Kire of the element time end variance of the 
elements under censideratirn in addition tc its 
fC'llowers ^iiile calculfting the positi.nei weight 
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The elements are renked end reerrenged in decrea- 
sing order according tc their positional vieight. 



Select the work clement with the highest positional 
weight and assign it t-- the first vwrk station. 



Oa'lculate the station time for the first w"'rk sta- 
tion. If element i is allotted, the station time 


wonld he 



E . + 


1 




In the balancing matrix, plug zeros in all the 
cells of the rc^w correspondiag tc the assigned 
work element. 


Step 6 ; Select 1he work elemoat with the next highest 

positional weight and attempt to assign it to the 
v/ork station under ccnsidera.tion after malcing the 
following checks. 

(a) Check whether the precedents of the '"ork ele- 
ment have already been assigned. This can be 
checked from the balancing matrix. If the 
column corresponding tc the work elemait con- 
tains all zeros, the clement does net vicla^te 
the precedence constraints. If a '1' is 
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encountered in the colunn, it indicates that 
one of the preceding eleaents hcs not yet 
heen allotted. If the preceding elements ore 
all alloted, go to step Gfc* Otherv.’ise go to 
step 8. 

(h) Ghedk: if the following condition is satisfied, 

2.1 E + B + ry J- V + V. C 
i^ik ^ J xVk ^ ^ 

■viiiero i w''rk elements are allotted to station 
k. If the above condition is satisfied g? to 
step 7j otherwise go to step 8. 


Step 7 t Upd£'.te the station tine to 

Ei = z: E + E . end V = H V + Y 

i&k if:k iek i^k 

vshere J is the work cletient selected for allotment tc 

station k. Go to step 5 t!'. elininate the assigned 

element as a precedent to the unassigned elements. 



Step 8 : Keep going to step 6 till ne of the fc llowing con- 
ditions is satisfied ; 

a. All work elements have been assigned. 

b. Ko work element renr-ins that can satisfy br-th 
preced&nce requirement and can fit in the work 
staticn under crnsideration. 

St ep 9 • Assign the unassigned work element, with the highest 
positional weight tc the next wnk station and go 
through steps fr'^m 6 to 8 till all the work elements 


are alloted 
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Per the backvvc.rd bflfncing, the sfne procedure is 
f-llowed except for the fclloving differences : 

it Elenents T/idth lowest positionel weight ero 
assigned first. 

ii. For the element under c nsidereti'n for assxgn- 
riient, instead cf checking i-’r unassigned prece- 
dents, a check is made tc see if it has any 
unassigned follov-'ers. In step 6 (a), we check 
for a rc 7 / of zeros instead of a c" lunn of 
zeros. 

iii. The c. lum cc>rresponding t' an a,ssigneci v^-rk 
element is made cf zeros rather than the row 
corresponding to an assigned TKark element* In 
step 5 the plug zeros o.-rre spending tr. assigned 
work eleaients ooluain* 

4,5 Results and Discussion 

A Cf mputer progrf-ane written in KSTEAU IV has Tseen 
dfcvelcped for the nethodnlogy* The prrgramme in its present 
f.ra cansuioes 32 K of cenputer nemcry and can handle assembly 

line he viiig upto 120 work elements.. 

p...ur assembly line problems were tested using the 

proposed fpproaich. The four problems are t 
i* Assembling cL thes problem 
ii, TV Ma.in chassis assembly j*roblem 
iii* Refrigerator fHi£-l assembly problm and 


iv* Truck assembly problem. 
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The Asseubly Clolhes prcblea is due t" Kilbridge 
und Wester (l6). ..The precedence grrph for this problen is 
given in Appendix A, Fig. A-1. Appendix A gives the 

description nf the work elenents fnd the strndfxd perfor— 
usnce tine end variance of these work elenents. Kilbridge 
end Wester dealt with this 45 elonent problen with deter— 
ninistic work elenents. The work elenent variance are gene- 
rated rend.nly. In view cf Ie ck of infematien on cycle 
tine, a va.lue cf 207.8 secs, vjas selected to keep the number 
cf wenk stations to three on the line. 

The TV Main Chassis probleu is the outc-r.e of a 
study conducted by the author for an Electr nics Industry 
lornufacturing a popular brand of TV's, The TV Main Chassis 
assembly fo.ms the nayir csserbly line in the TV plant. 
Keeping in view the inportance of Main Chassis 'asBembly for 
a TV Lianufa cturing industry, this study was undertaken. 

r 

Fig. B*1, in Appendix B gives the precedence -graph for the 
TV Main Chassis assenbly problen. The detailed description 
■■■’f the 97 work elerxnts, their stan^rd performance tine 
and variances arc given in Appendix B, The management cf the 
TV industiy specified a cycle time cf 6.5 minutes to meet 
their production req,uirements. , 

The Refrigerafion final assembly problem is also 
the tutccne of the author's study of a home appliances in- 
dustry manufacturing a reputed brand '■f Eefrigeratnrs. 
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Unlike the TY industry the hone-epplisnces industry hae a 
very long line. The inportent feetures of this protelen ere 
a short cycle tine of 154 secs. (2.57 nin,), high strnderd 
perfomence tines for Ihe W3rk elenents end e high work 
element .time variance. The description of the 96 elements 
involved in the urnufecture of the Refrigerotcr ere given in 
i.ppendix C, end their precedence relr tie n^ips in Pig. 0-1« 

The 111 element problem is given in i-ppendix; I) is 
due tc Arcus (l). This problem has been selected in view of 
its size. It is the biggest pmbleu enc ‘Wintered in litera- 
ture. The element variances are generated randomly as wf'S 
done f.':r the /sseably Clothes problem. It is not possible 
tC' give the description of the variaus work elements beca-use 
ji-rcus in his article did not provide this infcrnaticn. In 
Appendix D the precedence graph (Pig. U-l) ^-^d the element 
tiiies are given. Por this study an arbitrary cycle time ox 
68 secs, has been s elected because this inforr.ati.'n is also 
missing in Arcus' thesis. 

Table 4,1 gives the solution obtained by using the 
proposed aethcdrlogy on clothes problem. The execution tirie 
was 0.9 secs. The following inferences can be drawn from 
the table. Although the cycle time is 207*8 secs., the ^Tsnrk 
station time does n:..'t exceed 206.54 secs. The line idle time 
is 206,57 seconds vhich is apparently a very high value 
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keeping in view the cycle tine rf 207.8 secs. Elenent 45 
TvT s uiily left for allotnent to fourth w'”.rk str-tion. The 
idle tines of 1.63 secs., 1.26 secs., end 1.27 secs, et 
st£. tions 1, 2, md 3 respectively lerds one to believe thr.t 
there could be c better sequence -which requires lesser nunber 
of v/ork steti-ns. By increfsing the cj'-cle tine further we 
nay get a solution having three stations using the sene netho- 
dclogy. 

The nethodology fared very well wnth the TT prob— 
len. It yielded cn 11 work station s-olution ’."iih a line 
idle tine of 0.97 ninutes. It t' ':-k 3.2 secs, of computer tine 
to get the solution. In view of -the lew idle tine with the 
s. lution, there does n-. t seen tc be a' possibility for getting 
a better soluticn. The balance nbtf ined for the TY probler. 
is presented in Table 4.2. 

The pre/posed approe.ch did net yield very satisfaic— 
tory results with either the Refrigerctir probler. or the 
Truck pr'-hlen. The high idle tines of 177.17 secs, f.-r the 
Refrigerat.-.-r problem a.nd 108.27 secs, for Truck problen 
suggested that better balrnces nay be present for these prob— 
lens. Is is the case with the previ'us prcblens, the execu- 
tion tiLKS for these problems are also low - 2.8 secs, for 
Kefrigers tor problen end 3.2 secs, for Trueik proble-i. The 
results for these two problems are presented in Tables 4.3 sr-nd 


4.4. 



i l.l.T. !</ I FUR 
CENT R A L LIB RARY 

^ Acc. No- 


T/3IE 4.1 
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Solution to Asseabllng Clotiies Problen using Modified R'S'^I 


Nunber of work elements = 45 
Total work content = 624.63 secs. 
Station reliability = 99,85% 


Cycle time = 207.8 secs, 

line Idle time = 206.57 secs. 
Line reliability = 99.59^ 


Stat ionjiiienients Ailoted to the Stc.tionj[St(. tionj Stetion 

I 5 Mean ][ Variance 

i- Ifsecs. i fsec.n 

|sta-tlon 

Itime 

?secs; 

1 

1, 2, 7, 8, 11, 12, 13, 14, 15, 





16, 17, 18, 19, 20, 24, 27 

183.00 

59.67 

206 . 17 

2 

3, 4, 5, 21, 22, 23, 25, 33, 38 

177.00 

96.98 ‘ 

206.54 

3 

6, 9, 1C, 26, 26, 29, 30, 31, 





32, 34, 35, 36, 37, 39, 40, 41, 





42, 43, 44 

187.00 

42.36 

206.53 

4 

45 

5.00 

0.02 

■5.39 


T.^IE 4.2 





Solution to TV Assenbly Problem Using Modified 

I HPW 


Number of wrk elements = 97 

Cycle tine=6. 

.5 nin. 


Total Work Content = 70- 55 units 





Line idle tine = rm. 


Station reliability = 99.85 %' 

Line reliability = *98.6070 

Stc.tionJ 

JStetionJ Station 

{station 

No. 

01161110111:8 rclloted to the stcitionOMeEvn 

J Yari£.nc6 

: Itime 



Inin, 

i (nin.)^ 

{nin;. 

1 

1, 11, 12, 15, 16, 18, 21, 22 

5.36 

0.14 

6.49 

2 

13,14,17,19,20,23,24,25,26,27, 





30,31 

5.4^ 

0.10 

6-. 39 

3 

2,3,4,28,32,33,34,35,36 

5.32 

0.15 

6.49 

H- 

5, 6, 7,8, 9, 10.-29,37, 38, 39, 69 

5.59 

0.08 

6.44 

5 

40,41,42,43,44,54 

5.50 

0-.07 

6.32 

6 

46,71,90,91,92 

4.81 

0.23 

6.24 

7 

55,60,61,72,73,74,79,93 

5.75 

0,06 

6.48 

8 

47,56,57,58,59,62,63,80,61,94,95 5.62 

0.08 

6.47 

9 

51,64,65,75,83,86,96 

5.19 

0.18 

6.48 

10 

45^48566 ,68982,84587 

5.41 

0.09 

6.31 

11 

49,50,52,53,67,70,76,77,78,85, 





88,89,97 

5*86 

0.06 

6.41 


Solution to Hefrigerotor Problem Using Modified 

Wuiiber of work elements = 96 Cycle time = 154.0 sec. 

louTl v\/crk content = 3364*83 sec. line Idle tine = 177.17 sec. 
otvition Reliability = 99.85^ Line Reliability = 96.87% 


StationI ~ |statiGn|staticn ][ Station 

!.io * j[Eleaent£ alloted to the static-nl'Mean |variance| tine 
i $ sec* _ILs6c}l_J_sec^^ 


1 

5 , 6 , 7 , 11 



119.30 

106 .35 

150.24 

2 

8 ,. 12 , 14 , 15 



113.10 

156.71 

150.66 

3 

9 , 10 . 13 v 16 



116.00 

97.98 

145.70 

4 

Ij 2 , 3 , 4 , 17 , 18 , 19 



121.60 

84.78 

149.22 

5 

20 , 21 , 22 



118,10 

85.14 

145.78 

6 

23 , 24 , 25 , 37 



135.90 

25.98 

151.19 

7 

26 , 27 , 28 , 35 



127.70 

75.62 

153.79 

8 

29 , 30 



112.80 

56.84 

137.42 

9 

31 , 38 



126.83 

46 .88 

147.37 

10 

39 , 40 , 41 , 42 , 47 , 48 



126 . 50 

73.07 

152.14 

11 

43 , 44 , 50 



119.20 

82.78 

146.50 

12 

45 , 46 , 49 , 51 , 52 , 53 



122,20 

66.54 

146.67 

13 

54 , 55 , 60 , 61 



124.00 

32.48 

141.10 

14 

62 , 63 , 64 , 65 , 66 , 76 



130.80 

52.10 

152.45 

15 

67 , 68 , 69 , 70 , 71 , 72 , 

73 , 

74 

115.60 

70.36 

140.76 

16 

32 , 56 , 75 , 77 , 78 , 79 , 

80 , 

81 

126.00 

47.02 

146.57 

17 

33 , 34 , 82 , 83 



121.60 

52.93 

143.43 

18 

84 , 85 



130.20 

52.98 

152.04 

19 

90 , 91 , 92 , 93 , 94 



128.30 

41.21 

147.56 

20 

86 , 95 



115.17 

44 .04 

135.08 

21 

67 , 96 



130.50 

44.25 

150.46 

22 

57 , 58 , 89 



152.40 

33.12 

149.66 

23 

36 , 59 , 88 



109.47 

51.76 

131.05 
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TABLE 4.4 

Solution to Truck i-ssenbly Problen using ‘Modified RB'^ 

Ilunber of work elenents = 111 Cycle tirr.e = 68 sec, 

Totc.1 work content = 1795.73 sec. Line Idle tine = 108,27 sec. 
Sts. tion Reliability = 99.5^ Line Reliability = 96 . 20^ 

Stntionjl — — — ][Station|Station 'istcticn 

EFo . I Elements alloted to this station jiuecn Ivarier centime 

I Isec. Ksec)^ isec. 


1 

1, 2, 3, 101 

49.00 

5.31 

55.91 

2 

4, 10, 11 

57.49 

12.16 

67.95 

3 

7,9,12,13,14,16,18,19,22,24,27, 

30,35,43 

63.36 

2.34 

67.95 

4 

8, 17, 25, 28, 29, 36, 38 

62.39 

3.30 

67.84 

5 

5,20,34,37,44,45,46,48,49,50,51, 

52,53 

54.10 

12.50 

64.71 

6 

42 

56.89 

9.43 

66 . 10 

7 

47, 55 

53.25 

23.89 

67.91 

8 

23, 54 

51.44 

17.41 

63.96 

9 

32, 61 

43.32 

26.02 

58.62 

10 

41, 58, 69 

49.78 

34.55 

67.41 

1 1 

56 , 66 

47.45 

30.22 

63.9.4 

12 

70, 73 

55.92 

5.87 

63.19 

13 

64, 72, 75 

60.29 

6 .44 

67.90 

14 

74, 76, 78 

52.18 

21.42 

66 .06 

15 

57, 62 

54.88 

12.66 

65.34 

16 

81, 84, 89 

56.25 

12.60 

66.90 

17 

77, 80 ^ 

50.38 

25.89 

65.65 

18 

60, 71 

51.94 

19.79 

65.29 

19 

31, 58, 83 

59.78 

2-. 97 

64.95 

20 

91, 92, 93, 94 

60.62 

0.86 

63.40 

21 

79, 88, 95 

61.67 

4.41 

67.97 

22 

6, 15, 98, 103, 108 

51.08 

26,24 

66.45 

23 

39 

44.98 

33.95 

67.46 

24 

26, 86, 105 

51.94 

25.38 

67.05 

25 

40, 63, 96 

54.39 

18-.86 

67.42 

26 

21, 87, 97, 100 

62.34 

2-. 54 

67.12 

27 

28 

33, 55, 82, 85, 99, 102,104,106, 

107 61.18 

4 .80 

67.75 

67. 68, 90. 109, 110, 1.11 

21.70 

0.36 

23.51 
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Ti^LE 4.5 


COiiipi rison of proposed aethodology with Rensirig end 
Downing's methodology. 


— I Uumber of Work Stetions 

Problemji/.ssemblingji Truck fiv pefrigerotor 
Methodology |Clothes )( Asserablyfi-ssenblyfAssembly 

i 1 J I 


Proposed 


Rf .using and 
Dovming 


4 

28 

11 

23 

4 

28 

12 

24 


In order to study the Influence of adding vrri&b'' - 
lity in the weighting procedure, ell the four problems were 
olso tested using the Rrmeing end Downing’s rlgcrithn. It is 
very interesting to note thet the proposed methodology fared 
better th(n Remsing end Downing's procedure for the TV problem 
end Refrigerator problem. The belfnces produced by 1he propo- 
sed Igorithra needed one station less in both the problems. 
Rf..msing and Downings procedure proved equally effective as the 
proposed methodology for the other two problems. Table 4.5 
tiives the ccuparison uf the proposed algorithm with that of 
Rc;:.sing and Do^toing. It ncy be concluded rt this juncture 
tint inclusln of variability in weighting procedure aides in 
getting better btltnces. 

Bo.ckward balancing also produced balances requiring 
the same number cf work statiens. 

Though the methodology yielded results a.t a. very 
low ccmputc.ticn time, the high idle tine with three of the four 
problems made the authpr to search for better methods. The . 
"utc'.me of the search is the ELeth.''dology presented in C33,c..pter 5» 



Cffl-PTER 5 


FOR SOIVIbG pj.ob.biiistic 
WOEB EIE'^EIT TIMES EROBIIM 

5 . 1 Intro duction 

It has been observed in Chapter 4 that the Modified 
Eahked I’ositi''nal height tecliniq.u6 provides decent belances 
efficiently. However, fcir the three out of the feur prcbleias 
tested, it is fv.und that the idle tine is fairly high. This 
Itt^d the rutin r t'. believe that there o-'uld be balances with 
fewer w-.rk stations and therefore further efforts were nfde 
ti'i work f. r a better line balancing neth'''dO'lcgy. The concepts 
rt bia.scd sanpling appeared t'- have grrd potential for gene-' 
rating better ba lances. 

5*2 Critics 1 Ana. lysis of Arcus' (l) j-ppr.'Cch 

j.rcus in his GOHSOAl, an acrcnyiu fer a. ccv.puter 
neth d '"f sequencing '■jper' tions fer csse::.bly lines, enbined 
a high speed digital coL^puter and scr..pling cncepts in pro- 
posing a. nethi dc I'^y. It hs.s already been ncntio.ned in the 
previous cha.ptei’ that b. lances can be obtained fn-i, feasible 
sequences. Arcus generated a finite number of feasible se- 
quences and chose the sequence vhidi required the lowest 
number of sta;ti;ns as the sr]uti;'ns. 

If Ei. finite number of sequences are genera-ted there 
will be a probability associated with getting an optincil 
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solution.. If r is tne proportion of feasible sequences which 
consists of optijial sequences, the probability of the first 
sequmce generated will be optojusl is r. Tiae probability 
the t the first sequence will not be optimal is (1 — r). If 
m seq.uences are generated the probability that none is optims-l 
IS n - rj , The probability that one or raore of these m 
sequences are optimal is 1 - {i - r)“. This probability 
approaches one, as either r or m increases. 

There is no way to determine r except bv impracti- 
cable enumeration and evaluation of all sequences, /reus 
observed that in order to have a higher degree of confidence, 
the sample size should be high. As the level of confidence 
for the generation of optims.1 sequence changes from 0.99 
to 0.9999 the sample size increases enormously. As the manage- 
ment needs a solution a<t a reasonable cost, the computation 
cost involved in the enumeration of large sequences is pro 
hibitive. Therefore an economical sample size should be used 
for the generation of sequences. 

Arcus hypothesised that an economical sample size 
in ma;)ority of line balancing problems cesatained at least me 
optimal sequence. In a comp.aratively few assembly lines the 
sample will atleast have one sequence wliich will require only 
one station in excess of optimal number.. The results of 
Arous justified this hj^othesis for an economical sample size 
of 1000. Therefore throughout this work the sample size for 
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Instead of generating feasible sequences randomly, 

Arcus experimented with, devices that mig'ht bias favourably 
for the genera xion of optimal sequence. Tests of Arcus re- 
vealed that a product of five of the proposed weights give 
best results. Arcus concludes that the five weights are to 
be considered because each weight has some favourable influ- 
ence for the generation of optimal sequence. 

The weight attached to each work element while 
assigning' to a sequence is a product of the weights obtained 
by the following five rules. 

Rule I ; Weight work elements that fit in proportion to the 
standard performance time 

s s 

Mathematically VA = / 51, ST \ ~ 

i=1 i=1 

ijii 

vhere is the weight attached to i work element 

and there are s work elements that fit. 

1 1 

R ule II : Weight wrk elements that fit by 1/X idiere 7 . is 

equal to the total number of unassigned work elements 
minus '1 and minus the number of all the work elements 
which follow the work element being considered 

1 

Mathematically W. - "tj _ y. 

s 

r: 

i=i 

where Y. number of work elements follow work elements 

t] 

and U number of unassigned work elaaents minus one. 




58 


Rule III : Weight work elements that fit by number of follow- 
ing work elements plus 1 


T'^athematice lly 


■'1 4 - 1 

1 



j=1 


Rule IV ; Weight work elements that fit by the v7ork element 

timt. plus the times of all following work elements 

s 

Mathematically W. = £■. + R . / (e. + E.) 

1 X 1 3 J 

R. is the sum of work clement times that follovf. 

1 

Rule Y Weight work eli ments that fit by the total number 
of following work elements plus 1, fi' ided by the 
number of levels at vdaich those followxng work 
elements occupy plus 1. 

(Y. + 1) / X. 

Mathematically, = 

3=1 

X. is the mnbsr of elomento ih the 

largest chain. 

Arcus' methodology assumes that work element times 
are deteruinistic,. As a first step towards solving the veria 
bility in work element times problem, variability concepts were 
introduced into CO^^SOiL. The weighting procedure of Arcus was 
adopted without any modifications. Prom here onv/ards the 
weighting procedure of Arcus is designated by Rule ARCUS 


H (Y, ^ 1) / 
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5-5 Biasing Procedure Por the Proposed Methodology 

As a next step to’-ards getting better belsnces the 
weighting procedure oi Arcus ?.€is modified to account for 
TEiritbility. The bias while generating the feasible sequences 
is based on variability in work eleuent times in addition to 
the standard performance time and the number of followers for 
each work element. 

In order to incorporate variahility in vork element 
times, the following basic rules have been proposed for w/eight- 
ing the vnrk elements. 

ilu le A ; Y, eight work elements that fit in proportion to the 
work element time variance. 

Kathematically end 21 - “I 

1 J i='| 

where is the weight attached to work element i 
and s number of work elements are in the fit list. 

Rule B : Weight work elements that fit in proportion to the 
standard deviation of work element time. 

ihthema^tically W. = /V. / ^ /\ and ^ 

^ ^ / i=1 1=1 

Rule C 5 Weight work elements that fit in proportion to the 
standard pcrfoimance time plus a value obtained^ by 
multiplying the square root of element time variance 
by a constant. 

Mathematically ’"A = ^ ^ ) 

where r is a constant . 
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— — b:. .. JS • work elements that fit in proportion to the 

standard performance time plus a value obtained by 
multiplying the square root of work element time 
variance by a constant for the element under con-- 
sideration and all the elements that follow it* 

SI + r /y7 

Mathtffl&tically w. = 

i i: r, r A" 

i=1 i=1 

wh.t,re s is the number of work elements that follow 

. th , . 

1 work element. 

A number of conibinstions of the above four proposed 
rules end five rules of Ircus were tried. Ihc following six 
:t'ul(. s vv'cie found to be ''.orth reporting. Each rule has the 
weighting procedure, es © product of xhe weights obtained by 
the rules mentioned against them. 


Rule P 

« 

0 

A 

I 

II 

III 

IT 

V 

Rule, Q 

« 

B 

I 

II 

III 

IT 

V 

Rule_,R 

f 

0 

II 

III 

IT 

V 


Rule X 

f 

A 

I 

II 

III 

D 

V 

Rule Y 

# 

B 

I 

II 

in 

D 

V 

Rule Z 

« 

C 


II 

III 

D 

V 


5.4 A General Procedure for Sequence Generation 

Eor generating' the biased feasible sequences, the 
following step by step procedure is followed. Pig. 5.1 is a 
gLUersl logic flow chart for this procedure. 
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utep 8 5 Update the station time to 

E. = 3^ E. + E. and V. = 211 V + T 

i€:k ^ iek ^ ^ iGk iGk 

where element 3 is voik element selected. 

Step 9 : If all the elements have not been allotted, go to 
step 2. Otherwise repeat the procedure for the 
required number of sequences by going back to Step 1. 

5.5 Results and Discussion 

5 . 5.1 Comparison of Various Rules 

A computer package has been developed for the pro- 
posed methodology. The programme is written in EORTEi-H IV 
for IBM 7044 computer system. The computer package requires 
about 16 K of computer memory for a 150 work elements problem. 
The lii-ting of the computer package named as CtilBRROR-I 
(in acronym for Computerised Assembly line Balancing with 
Probabilistic Parameters) is given in appendix E. ^he varia- 
bles used in the package are explained in Appendix B. Comment 
cords have been sprinkled libera-lly throughout the programme 
to help the. reader in the understanding of the programme. 

The four problems vtiich have been tested using the 
proposed biasing procedures are : 

(i) the assembling clothes problem, 

(ii) the T.V. main chassis assembly problem, 

(iii) the refrigerator final assembly problem and 

(iv) the truck assembly problem. 



: logical How Chart for Sequerxce Ganaratiori 

■ 


No. of elements 

No. of sequences to te generated K, 

Mean and Variance of‘ Element Time 
Immediate Predecessor, 

Cycle- time and Station confidence level 


Initialize k = 1 


Create list of number of tasks viiicb precede 
each task 


Available time 


List of ava^iiable operations 


List of fit operations 

XEi + E + rjnv^ + V 4 C 


■.candidates 


, 

I New Station 


iivailable 
time 0 


Trajasfer , | 

Generate 

av!"ilable to ; 

rfndom 

fit list i 

number 


Select the- 
ta sk 


! Store station count 
[and operation number 


"E. + r 
- 1 ' 


fir-th ta£ 


I AsSignmei^ 
Yes 


preceding 

operation 


STOP 
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Tile details of the above four problems have elready 
eon mentioned in Chapter 4. The precedence graph and vork 
element times aregiven in Appendix A, B, 0 and D. 

The inputs to the computer package comprise of 

(i) number of wrk elements, 

(ii) mean of work element times and their variances, 

(iii) followers for each work element, 

(iv) cycle time, 

confidence level desired at each work stetion and 
(vi) number of seiuoices to be evaluated. 


The output of the prograimme contains the following 

informttion ; 

(i) list containing the station number, the elements 
alloted to the station and the total vsork. content 
of the station. 

(ii) A frequency distribution of the number of sequen- 
ces vs required rumber of work stations. 

(iii) Maximuin and minimum number of available vrork ele- 
ments at each stage of allotment for all generated 
sequences. 

(iv) Mean availed le work elements at each stage of 
allotment. 

(vi) Mean of mean available operations over all gene- 


rated sequences., 
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The results obtained for the above four problems 
are presented in Tables 5.1 to 5 A. 

btv.tion mean is tlii mean of the frequency distri- 
bution of number of work stations -vs. the number of sequences 
requiring this mmber of work stations. It is to be noted 
that the generated sequences should require a.s few work- ■ 
stations as possible in order to obtain an optimal solution, 
ii. frequency distribution with a low station mem only indi- 
Ci. tos the tendency of the biasing procedure in generating more 
sequences vath less number of work stations. Thus a biasing 
procedure with a low station mean is better than the other 
procedures. 

Operation mean is the mean of the mean number of 
work elements tha.t bccoiue available at each stage of work 
element f.llotment. If a high operation mean is obtained by 
using a. particular biasing procedure it indica-tes tha.t more 
number of work elements become a.vailf.blc at ea- da stage of 
v.'ork allotment. If more number of opera.tions become ava-,ilable 
a.t each stage, the probability of generating the sane sequence is 
reduced. If a biasing procedure has a high operation mean 
and a. low station mean it indicates tha.t though -the preba-.hi- 
lity of gonora.ting the same sequence is reduced, the biasing 
procedure has a tendency to generate sequences requiring low 
number of work stations. The ruihor feels that this is a 
very ge-cd property for a, biasing procedure. 
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The expected time for the generation of on optimal 
sequence is obtained by dividhag the tctrl execution time by 
the number of optimal seqiences generated. Tc me-ny, this 
may not appear to be on agreeeble concept. This concept hf s 
essentially been borrowed from scheduling theory. It should 
be noted that the expected time for generating aa optimal 
solution con be treated as a measure of the ccmputrticna-l 
effectiveness of a bi£.sing procedure. 

For the assembling clothes problem rule P turned 
out to be the best follovred by rules X and Q in computatio- 
nal efficiency. The results of this problem are presented in 
Table 5.1. The station mean is the same for rules P, X and Q, 
but the operation mean is substantially high for rule Q com- 
pared to rules P and X. It is to' be observed tiaat rule Q 
fared better than rule Arcus in every respect. 

For the T.V. main chassis assembly problem the 
results are presented in Table ' 5 . ' 2 . For this problem rule X 
turned out to be the best followed by P and Q in computational 
efficiency. But lAhen judged from the properties of low sta- 
tion mean and high operation mean, rule Q is certainly the 
best. 

Table 5'. 3 cont£'.ins ■ the results of refrigerator final 
assembly problem. The reailts indicate that rule q is the. 
most effibient in computational effectiveness. Further, thxs' 
rule gives low station mean and high opera tic.n mean. 



Tj-BIE 5.1 




Comparison of Rules Arcus, P, Q, R, X, Y and Z 
.‘Ss&mbllng Olofhts Problem 

Humbor of work elements = 45 Cycle time = 207.8 secs. 


Rule ][. 

|j-rcus 




3 Staitions 


8 9 9 


R 


Z 



9 3 3 


4 Stations 992 

991 

991 

991 

991 

997 

997 

Station Mean 3.992 

3.991 

3.991 

3.991 

3.991 

3.997 

3.997 

Operation Mean 6, lb? 

5.238 

6.268 

6.980 

5.232 

6.222 

6.985 

Totail Execu- 
tion Time in 260 

Seconds 

207 

242 

264 

212 

240 

269 

Expected time 
for one optimal 
solution in 3.25 

Seconds 

2.30 

2.70 

2.93 

2.38 

8,00 

8.97 

First optimal 
sequence .26>@- 

Number 

Uti 

■W? 

m 

sv 

24 ^' 

XSQ 

24« 

2^ 



TiBLE 5.2 
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CcmpBrison of Rules 

j-rcus, p 

Q, R, 

I, Y end 

a 


TV Main 

Chassis 

Problem 




l^umfcer of work elements = 

= 97 

Cycle time = 6 

• 5 minutes 

jlllllllllllllliliilllilliiKillSSIBIII^ 

■i 


T~7~I 
1 ^ 1 

^ i 

a 

11 Stetions 546 432 

395 

320 

457 

371 

321 

12 Stations 654 568 

605 

680 

543 

629 

679 

StrtionMcrn 11.654 11.568 

11.605 

11.68 

11.543 

11.629 

11.679 

Opext tion Mean 9.133 9.038 

9.200 

9.118 

9.062 

9.023 

9.13 

Total Execution 
in seconds 

705 

705 

697 

706 

705 

Expected time 






for optimr.l 

solution in . 0 . 

1.78 

2.20 

1.53 

1.91 

1.10 

seconds 






Eirst optimal 






sequence 6 1 

number 

1 

1 

1 

1 

1 
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T^BEE 5.3 


Comparison of Rules i.rcus, B, Q, R, X, Y and : 

Refrigerator Pinal IssemBly 

Z 


Humber of work elements = 

96 

Cycle time = 

154 seconds. 

Rule 1 

ll 

r 

Arcus 1 

P 

l — TT 
\ ® 1 

p 1 "r~~l 

. v-1 

Z 

23 Stations 

69 

189 

283 

78 170 

262 

49 

24 Stations 

667 

696 

647 

668 698 

659 

647 

25 Stations 

263 

114 

70 

254 132 

79 

504 

Station Mean 

24.196 

23.927 

23.787 

24.176 23.962 

23.817 

24.255 

Operation Bean 

4.708 

4.676 

4.821 

4.728 4.669 

4.620 

4.735 

Total Execution 
time in seconds 

404 

397 

400 403 

400 

405 

Expected time 
for cptimJ.ll 
solution in 
seconds 

5,82 

2.14 

1.4 

5.12 2.37 

1.53 

8.25 

first optimal 

sequence 

number 

10 

5 

8 

8 5 

5 

13 
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Ti3IE 5.4 

Gomperison of Rults i-rcu&, P, Q, E, Z, Y end Z 
Truck Assembly Problem 

Humber of work tltmeats=111 Cycle time = 68 seconds 


Eulel 

I 

M 

— 

^ I 

“7^ 

1- 

® \ 

^ I 

" 1 

Z 

27 Stations 

5 

? 

12 

1 

1 

3 

2 

28 Stations 

964 

902 

976 

953 

893 

983 

960 

29 Stations 

31 

96 

12 

40 

105 

14 

38 

50 Stations 

0 

2 

0 

0 

1 

0 

C 

Station Mean 

28.026 

28.100 


28.039 

28.106 

28.011 

28.036 

Operatiin Mem 9.725 

8.077 

9.730 

9.721 

8.061 

9.714 

9.702 

Totr 1 Execution 
time in seconds 749 

658 

754 

750 

654 

760 

758 


Expected time 
for uptiriial 
solution in 
seconds 

First optimal 
sequence 


150 ? 


65 750 654 


253 379 


219 7 12 121 872 465 513 
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Table 5.4 contaijis the results of truck assembly 
problem. The results reveal that rule Q is the best out of 
cill thi, rules tried. It is interesting to note that rule P 
which turned out to be the best mth assembling clothes prob- 
lem end T.V. chassis assembly problem could not generate at 
least one optimal solution to ihe truck assembly problem. 

In order to have a better confidence in concluding 
the effectiveness of the weighting procedures tests were 
c.nducted t^- prove ihe effectiveness of the rule Q. The 
test results are presented in the next section. 

5.5.2 Testing The Bffectivaiess of Rule Q 

Po.r generating the sequences by the computer a 
built in function called EHPYI is used. ERPYI uses a seed 
of 189277. It generates random numbers which lie between 
0 and less than 1. The inference that rule Q fairs better 
than ether rules is not mth much basis because all the above 
results are based on f^nly -jne randi^'m number. In order !'"■ 
have a better level of confidence it is necessary that tests 
•<: re conducted using irore than one random number. The four 
ottier random number generators available with the IBM 7C'44 
system at I.I.T. Kanpur are EEDYT, EKDY3, RHBY4 and ETOYS. 

The seeds for these functions are 186285, 186293, 186301 and 
186309 respectively. Results obtained for the four test prob- 
lems using the above 5 seeds aire presented in Table 5.5. The 
tc.p value in each cell corresponds to lule 0 and the bottom 


value corresponds to lule Arcus. 
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A non parametric sign test is conducted to test 


the hypothesis that the weighting procedure hy rule is 


better then rule Arcus. Let oC ^ and ^ denote mean 
number of work station for rules Q end A.rcus respectively 
using seed i. 

Then 


H. 


1 


! OC . > p . 
1 I 1 


end H. 


is false 


Table 5.5 


Cotuparison of Rule C. with Rule Arcus for Different Seeds 


Problem 

bted 

J 45 Element 1,97 Element 
1 Problem |Problem 

596 Elementllll Element 
fproblem IProblem 

i _J 

RMDY1 

189277 

3.991 

3.992 

11.605 

11.654 

23.787 

24.196 

28.000 

28.026 

BI3DY2 

186285 

3.991 

3.998 

11.616 

11.662 

23.940 

24.179 

28.009 

28.026 

RNDY3 

18.6293 

3.983 

3.992 

11.624 

11.664 

23.915 

24.181 

28.011 

28.G52 

Ri'3DY4 

186301 

3.984 

3.993 

11.610 

11.671 

23.947 
24 . 187 

28.015 

28.026 

RilDYS 

186309 

3.989 

3.990 

11.634 

11.679 

23.932 

24.214 

28.003 

28.036 


V/e have five paired observa'tions , with the first 
cbouvrtion li. ftc p.lx co^ibg Ir m population one *lcn usee 
rule Q and the eeoond observttion Iron population 2 *ioh 

A e A -0111 s sisn is used to replace each pair for 
uses rule Arcus, A plus sign 



T5 

for whidi til 6 observe ticn from the 2rid populs-tic^a exceed 
thcit O'f the first population, A minus sign is used to re^- 
plrce each pair for whidi the observatiicn from the first 
populiwtion exceeds that from the second population* 

For the sample size of five for vhich the rules 
are tested, all plus signs are obtained for sil the four 
problems. Using the normal curve appro zimetion ind^^ = 0*05 
we calailate 

2 . ... 

where 

X is number of successes 

n is the sample size 

is the probabiiity of getting a success. 

Thus f;r our problem 

2 _ — 5-5 X 0^ _ 2,22 

v/5 X 0.5 U - 0.5) 

This exceeds 2.015? the critical value fux‘ a one 
sided test et the 0.05 level of significance end sc we con- 
clude ttu t the null hypothesis must be rejected. In other 
words? wc conclude ih^t the biasing using rule Q produces 
better results than the biasing by rule Arcus. 

The balances obtained for the four problems using 
rule 0 are presented in. Taibles 5.6 to 5.9. 


Ti.BEE 5,6 
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Optii/al i-llotment of IJoTk. Elements to Work Stations 
Eor the i-ssembling Clothes Problem 

Number of work elements =45 Cycle time = 207.8 secs. 
1‘otai work content = 622.46 sec. Line Idle time = 0.94 sec. 
Station Beliability = 99.85^ line reliability = 99.59^ 


Station! ~ ~~~ "" IstationJSta'tion ^Station 


No. I Elements alloted to the station jT-fean ]l[Variance][time 
i I sec. Ksec.)^ Ksec. 


1 

192,3,4,5,7,8,9,11,12,13,14,15,16, 

18,34 

.1..,., 

188.0 

..iir.Vi.,.. 

43.5 

207.63 

2 

17,19,20,21,23,24,25,27,30,32 

174.0 

121.0 

206.95 

3 

6,10,22,26,28,29,31,33,35,36,37, 

38,39,40,41,42,43,44,45 

190.0 

34.81 

207.75 


T/.BEE- 5.7 


Optimal Allotment of Work Elements to Work Stations 
Eor the EC TV - Hain Chassis Problem 


Number of work elements = 97 Cycle time = 6.50 min. 

Total work content = 70.53 min Line idle time = 0.97 min. 
Station Reliability = 99.85^° Line reliability = 98.60^ 


^tationl jStationl Station! Station 

No. t Elements alloted to the station jlMean Jvariange! time 
! Imin. !(mia.) \ min. 


1 

1,7,8,11,22,23,27 

5.63 

0.069 

6.42 

2 

2,3,4,5,12,21,24,25,28,29 

5.34 

0.141 

6.47 

3 

6,13,15,16,18,19,26,37 

5.33 

0.149 

6.49 

4 

9,10,14,17,20,30,31,32,33,34,35, 

36,38,39,69 

5.43 

0.111 

6.43 

5 

40,41,42,43,44,57 

5.68 

0.075 

6.50 

6 

46,60,71,72,86,90 

5.13 

0.146 

6.48 

7 

45,47,61,68,91,92 

5.55 

0.096 

6.48 

8 

. 54,55,58,73,74,81,93,94 

5.58 

0.069 

6.37 

9 

48,59,62,75,76,87,88,95,96 

5.02 

0.205 

6.38 

10 

49,50,51,56,63,64,65,66,77,79,80,82 

5.87 

0.036 

6.45 

11 

52,53,67,70,78,82,83,84,85,89,97 

5.21 

O’. 081 

6 .06 
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T/BIE 5,8 

Optimc-l i.llotment of Work Elements to Work Stetions 
Eor the Refrigerstor EinS-l i-ssenibly Problem 


Number of Rork Elements = 96 

Total work content = 5364.29 secs. 
Station reliability = 99.85^^ 

Cycle time = 154.00 secs. 

I'ine idle time = 177.71 
line reliability = 96.87^ 

Stationjl 

Element Piloted to this 


JlStation 

1 Station Istation 

Nu ♦ 1 

station ^Mean 
ilsec. 

lYsriance 
][ (sec. ) 

|time 

^sec. 

1 

1 >4 j5,6 


120.20 

111.0 

151.84 

2 

7,8,11,14,15,16, 


107.10 

170.0 

146.32 

3 

9,10,12 


123.70 

92.0 

152.49 

4 

2,3,13,17,18,19,37 


127.90 

74.5 

153.82 

5 

20,21,22 


118.10 

85.0 

145.78 

6 

23,24,25 


127.00 

2^..0 ■ 

141.35 

7 

26,27,28,35 


. 127.70 

75.5 

153.79 

8 

29,30 


112.80 

56.8 

135.42 

9 

31,47,48 


120.13 

68.5 

144.96, 

10 

56,39,49,50,51 


119.90 

52.0 

141.54 

11 

32 , 34,40,4 1,42 


122.00 

58.0 

144.89 

12 

43,44,45,46 


111.00 

83.8 

138.45 

13 

52,53,54 , 60 


130.90 

50.8 

152.25 

14 

6 1 ,62,63,64 


122,30 

43.0 

141.94 

15 

33,55,65,66,72,90 


127.20 

46.25 

147.50 

16 

67,68,69,70,71,73,74,91 

,92 

126.90 

72.0 

152,37 

17 

56,75,76,77,78,79,80,81 

,93 

127.50 

57.8 

146.00 

18 

V. 2, 83, 94 


133.20 

44.9 

153.26 

19 

84,85 


130.20 

53.0 

152.04 

20 

86,95 


■ 115.17 

44.0 

135.08 

21 

87, 96 


_ 130.50 

44.0 

150.46 

22 

57,58,88,89 


132.40 

33.0 

149.66 

23 

56,59,88 


109.47 

57.8 

131.05 
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Optimal i.llotment of Work Elements to Work Stations 
Eor the Truck Assembly Problem 


Number of Work Elements = m 
Total work content = 1791.26 sec 
Stc tion Reliability = 99.85^ 


Cyccle time = 68.0 secs. 

Line idle time = 44.74 sfecs. 
Line reliability = 96.34^ 


Station)! 


No. 


i 


c . JStationfststion ji Station 

I Eolements alloted to this station {Kean. }'variance| time 

fi y Y / \ 9 Y 


)!sec. l(sec.)^ ][ sec. 


1 

1,2,3,101 

49.00 

5.30 

55.91 

2 

4,10,11 

57.49 

10.00 

67.95 

3 

7,8,12,14,16,19,24,30 

62.87 

2.65 

67.75 

4 

9,13,17,20,23 

58.85 

9.25 

67.95 

5 

21, 25 

64.90 

0.98 

67.87 

6 

6,27,28,34,38 

56.82 

10.34 

67.80 

7 

22,56,42 

58.76 

■9.50 

67.98 

8 

47,55 

53.25 

23.80 

67.91 

9 

5,18,29,35,37,43,44,45,46,48,49, 

51,52,53,56 

51.53 

50.00 

67.94 

10 

60.62 

59.78 

7.45 

67.95 

11 

32,50,61,68 

50.94 

26.20 

66.32 

12 

41,54 

46.78 

45.00 

66.91 

13 

57,69,71 

52.49 

21.20 

66.33 

14 

70,73 

55.92 

• 5.88 

63.19 

15 

58,64,65,75 

60.29 

2.40 

64.94 

16 

59,72,78 

57.08 

7.90 

65.52 

17 

74,77,79 

46.76 

26.20 

62.19 

18 

76,77,79 

54.88 

18.80 

67.86 

19 

81,84,85 

53.22 

39.90 

64.40 

20 

15,80,87 

49.55 

26.50 

64.99 

21 

90,91,92,93,94 

63.88 

0.86 

66 .66 

22 

86,88,95 

60.39 

4.20 

66,54 

23 

31,63,98,103,108 

55.92 

15.60 

67.81 

24 

39 

49.98 

34.00 

67.46 

25 

26,40,97,99 

58.69 

6,60 

66.39 

26 

83,66,82,96,100,102,106 

61.99 

3.75 

67.80 

27 

67,89,104,105,107,109,110,111 

53.00 

24.70 

67.91 
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5.5.3 Comparison wiiii Moo die end Young ( 24 ) Algorithm 

The only other method iriaich accounts for variability 
in AIE problem is the one proposed by Hoodie snd Young. It 
was tlicughtthat a comparisi/n of the proposed method'.'logy with 
th£ t of Mt.'.'die end Young vruld be a worthwhile effort. In the 
folliowing sections a comparison between the two approaches is 
prosuitod. 

The T.V Main Chassis assembly problem and the 
Kyfi'h;on.tnr final r ssembly problem arc tested for the purpose, 
the 'i'.V Main Chassis assembly problem, a cycle time of 
6.5 uiinuteo is used. In the Hoc'dic end Young's procedure* 
the cycle timi. is cut' mrticclly incremented if the line idle 
tiiao exceeds the cycle time. The final output cycle time of 
this i.i'del turned •"■ut to be 7.36 minutes. Similarly for the 
Rei’ri^'.erv t -r problem, though a cycle time of 164 sec-nds is 
inputted, tht, final output cycle time tamed out t: be 
2i.,i0.9 ct.C'ndc. Bdtli tilt output cycle times when used for res- 
pective industries d. not meet the nmagement production re- 
quire ^aitu. This is considered t'- be a major drawback of 
the M. .die and Young's method end therefore the practical uti- 
lity . 1 ; i-uoii ! noth' do logy is very much reduced. 

p. j: the salce c.'f c.-uparison cf the tw: rntthodologies 
the input cycle tine fm the proposed neth:;dclcgy is altered 
t 7.36 '.:hn. end 200.9 sec. for TV and Eofriger^tcr problems. 
As is the ct sc in the Mo -.die end Young's methodology, the 
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TV prcbleia required 10 work strijirns end the Eefrigerf- tor 
problea 17 work str-tions. But there is considereble inpro— 
vfcLaent in. respect tn the conpututicn tine-. As against 22 
seconds of execution tide for TV problen using Mo -'die f-nd 
Youngs procedure, the proposed nethodology required only 
0.7 secs, for the generation of a solution requiring 10 sta.- 
ticina* It is found that there is a sisilar inprovenent with 
respect to the Refrigerat -r problen, M'odie and Youngs pro- 
cedure t-.'ok 14 secs, as conpared to 0.4 secs, for the proposed 
uethodo-logy. 

Thus it is concluded that the present nethcdolcgy 
genere.tes sc:lutir:ns which not only ncet the nanagenent produc— 
ticn requircuents but also reduces the enputatinn tine inv'olved. 

5 . 5.4 Sensitivity Analysis 

The nanagenent nc;y be interested in knowing the sen- 
sitivity of the ba.lrncc with respect t-' the rcliaibility of tiiG 
line. With this in view the TV and Eefrigcrater prnblens 
fre tested far vari.'us degrees of confidence. Throughout the 
test the cycle tine is kept constant and the value of the cycle 
tiue is assuned to be prescribed by the nanagenent tc neet the 
production requirenents. The input cycle tinesfer the TV and 
, the Refrigerat: r problens are 6.5 nin.- and 164 secs, respec- 
tively. Table 5-10 gives the results for both the TV and 
Refrigerator problens. The top value in each cell corresponds 
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to the number of work stations and the lower value corres- 
ponds to the corresponding idle time. 

TABIiE 5.10 


Humber of Work Stations required for various degrees 
of confidence. 


Confidence level at i 

Humber of work stations 

work station J 

T7 Problem 

feefri^erator problem 

r = 0.0 

10 

20 

50^ 

5.35 

256.73 

r = 0.5 

10 

20 

69.15% 

3.63 

172.66 

r = 1.0 

10 

21 

84.13% 

1.87 

238.43 

r = 1.5 

11 

21 

93.32% 

6.55 

151.46 

r = 2.0 

11 

22 

97.73% 

3.63 

212.18 

r = 2.5 

11 

23 

99.38% 

2.77 

270,01 

r = 3.0 

11 

23 

99.86% 

0.95 

178. 12 


It is observed that the number of work stations 
increase as the level of confidence increases. An analysis of 
this type provides the management an option to operate each 
v/ork station at any desired level of confidence. 

In this chapter a m thodology which successfully 
solves the variability in work element times problem, has been* 
presented. In the next chapter, an attempt is made to propose 
a methodology for taking care of the variability in work element 
times end variability in operator performance. 



CHAPTIE 6 


APPROACH TO BALAUCIHG ASSB-BIY HUES HTH PROBABIIISTIC 
WORE EIEinsUT TIMES AUE YASI/..BIB OPEEATOS 
. PERPOEi''AlICE LEUEIS 

6 . 1 Intro du ction 

In chapter 5, it has been pointed out that besides 
probabilistic work element times, -variable operator perfor- 
mance level is an important factor for consideration in indus- 
trial assembly lines. The problem of line balancing with 
variable perfoima.ncc level is different because in this case 
the cycle time for each opera-tor is different. This problem 
cannot be handled by using the me-thodology presented in chap- 
ters 4 and 5. Therefore, in this chapter a methodology Tiiic±L 
jointly takes care of probabilistic times and -variable opera- 
tor perforraance is presented. A few pra-ctical considersi-tions 
which form input to the me-fchodology are discussed before 
presenting the details of the me-tiiodology. 

6.2 Priicticei Consideration 

The estimation of both the average -work perforaence 
level of operators and w/ork element times involve human judge- 
ment end therefore normally have large errors. The presence 
of large- amount of errors in these estimates have been repor- 
ted by Barnes ( 2 ). The errors in-volved in estimating the 
vtniables makes one doubt the usefulness of line balancing 
techniques to industrial assembly lines. Por example, a 
suitable set of work units whose cumulative time is sli^tly 



greoter than the cycle time caianot be assigned to the ?/ork 
stction. The excess time may be of no practical conseqaence. 
The question v^ould then arise as to v^at should be the 
magnitude of the allowable excess time* The allowable excess 
time is a function of the magnitude of errors involved in 
estiirititing the variables* I five percent error in the estima- 
tion of operator's rating is the target generally aimed at 
in most training courses on performence ra.ting. E^rely do 
time study analysts achieve this target* Studies of expe- 
rienced time study analysts h£ive indicated that the time study 
errors far exceed 5^* Thus it becomes necessary to reflect 
these errors in balancing techniques for better results. 

6^3 Concepts for the BTethodology 

6,3*1 Loading the Operators 

The process of alio ting work to tie operators is 
temed as the maximum loading of stations. The procedure 
consists of the selection of suitable operator for a stetion* 
The suitability of the operator for a particular station is 
judged from the idle tiiiB he creates due to his allotment to 
this woik station. The operator vbo results ii the least 
amount of idle time for a station is alloted to that station 
before passing on to the next station. This procedure is 
repeated till each station gets an operator. 

The total number of workers on the line are divided 
into a; number of labour pools, i> labour pool consists of 



gret-ter tharL the cycle time cannot be assigned to the vrork 
stc'tion. The excess time may be of no practic£il consequence. 
The question would then arise as to what should be the 
magnitude of the allovKble excess time. The allowable excess 
time is a function of the magnitude of errors involved in 
estimating the variables. 1 five percent error in the estima- 
tion of operator's rating is the target generally aimed at 
in most training courses on performance ra.ting. Earely do 
time' study analysts achieve this target. Studies of expe- 
rienced time study analysts ha-ve indica.ted that the time study 
errors far exceed 5^. Thus it becomes necessa.ry to reflect 
these errors in balancing techniques for better results. 

6»3 Concepts for the Methodology 

6.3*1 Loading the Operators 

The process of allotmg work to Hie operc tors is 
termed as the maximum loading of stations. The procedure 
consists of the selection of suitable operator for a sta-tion. 
The suitability of the operator for a particular station is 
judged from the idle time he cre£ tes due to his allotment to 
this wo Ik station. The operator viio results in the least 
amount of idle time for a station is alloted to that station 
before passing on to the next station. This procedure is 
repeated till each station gets an operator. 

The total number of workers on the line are divided 
into a number of labour pools, h labour pool consists of 
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opexe.tor with equal perfonDEnce rating. Every operator from 
c. j;>r-rticulrr labour pool gets the same amount of work as the 
other operators in the same labour pool. The vrork load 
c.llotted to ea-ch station is less than, or equal to the pro- 
duct of the cycle time and the rating of the operator. 

6.3.2 Selection of ^ferk Elements 

For eaich operator the elements are selected by a. 
biasing procedure. Rule Q, #iich was found to be the best 
biasing procedure in Chapter 5 is also ma.de use of for the 
selection of work elements. The number of sequences that are 
tried for each operator is based on the follov/ing three 
devices. 

(i) A test is made to check if a sequence for an operator 
has an idle time ratio equal to or less than an accept- 
able amount. The acceptable idle time at each station 
is a management decision va.riable. As the a ccepta.ble 
idle time reduces more number of sequences a.re to be 
tried which in turn increases the computational time. 

(ii) A maximum limit is placed on the number of sequences 
tried at each station for all the operators. It may 
be raised or lowered in the light of experience and 
awailable computer running time. 

(iii) To limit the number of sequences tried at a station 5 a_ 
method of counting the feasible sequences is proposed. 
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At the tiae of each selection, the product Z of 
number of Yrork elemtnts in the fit list is computed. 
The product Z for the first sequence is taken as the 
number of sequences to be tried unless (a) a subse- 
quent sequence has a larger Z, (b) it exceeds the 
maximum limit of sequences to be tried or (c) a 
sequence has an acceptable idle time rs'tio, 

6.3.3 Operator Selection ; 

Two approaches for the selection of operators for 
the yeirious stations are proposed. In the first approa-ch all 
the operators avs'ilable for allotment to a work station are 
tried. The operator who yields least idle time for the work 
station is selected. One of the most important features of 
this approach is that only a.fter d'^dging the suite bility of 
all the operators the one vho creates the least idle time is 
selected. In the. second approach operators available for 
allotment to a work station are tried randomly. If an opera- 
tor results in an idle time less than or equal to the 
allowable idle time, the operator is selected. The other 
a.vailable operators are not tried. Results obt<-.ined by using 
these approaches are presented in tliis chapter. 

6.3.4 Objective 

In this methodology the objective is to minimize 
the cycle time for a given number of operators. The input 
cycle time is taken to be an arbitrary value usually governed 
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While generating a sequence} if all the available 
ope rectors get aiioted leaving a few unassigned, work elements} 
the assigning procedure is repeated till the "assignment 
limit" for a particular cycle time is reached. Only after 
reaching the assignment limit} the cycle tinE is incremented 
end a new balance is tried. 

If the number of operators are sufficient and the 
line idle time is less than the number of v'ork stations mul- 
tiplied by minimum time unit, an optimal solution is obtained} 
However, if the operators are sufficient but the line idle 
time is greater than number of work stations multiplied by 
minimum time unit, the cj’^cle time is decremented and the 
assignment procedure repeated. 

The number of assignmoats to be tried for a cycle 
time is an input variahle and depends on the management 
depending on the available computation time, 

6,4 Solution Procedure 

The following is the step by step procedure for 
obtaining the solution. A Icgice.l flow chart for the proce- 
dure is presented in Pig. 6,1. 

Step 1 ! calculate the average performance time of the 
given labour, pool and the line cycle time. 

g-tiep 2 : Create a master list of ■vrork elements wdth pre- 
ceding operations. 
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— --P ' Transfer Master list to working list. 

■ §1§'P 4 , • Select an operation and calculate the acceptable 
work load for the operation with °Jo Ellowrance for 
estimotiog errors. 

5 ! Proia the vrorking list identify elements w^ith zero 
precedents aid transfer tliem into the "Availability 
list" . 


.Step 6 : Transfer "the ava-ileble operations into the "Pit 

list" if the following condition is satisfied. 

7, E + E. + r/'T V.. + V. + W, * 

^ D --A/, 


it k 


ie k 


'k k 


th 


where i elements have been already alloted to k 

operation and Wj^ is the allowance for estimation 
th 

error. The 3 element is the elemait under 
consideration for fitting into this station. 

If iiiis is the first elemoat to be alloted to 
the station, then = 0 and = 0. 

If none of the avedlable elements fit, then 
go to step 10, otherwise go to step 7. 


Step 7 


Weight tasks in the "Pit list" using rule Q. 
Generate a random number and identify operation 
that is to be selected. Store work element and 
operation number. Update the station time to 




+ E, 

_ 1 - " 

T' V = V V. + Y. 

i^ k 3 iek ‘I 


i^ k 


86 


Stc p 8 ! 


Step 9 ; 


StKp 10; 


Step 11 ; 


Step 12 : 


Step 15: 


Ste-p 14 ? 


If this is the F task go to step 11, otherwise 
go to step 9. 

Change the number of preceding work elements in 
the working list and go to step 5* 

Compute product Z and compare vd-th Fo.of sequen- 
ces generated. If generated sequences are less 
thc.n product Z then go to step 11. If genera.tcd 
sequences are equal to product Z then go to 
step 13, 

If the idle time for the operator is w/ithin the 
acceptable limit (?.*) go to step 12 otherwise 

t) 

update working list by dropping selected work 
elements and go to 4. 

Place selected work elements and station operator 
into the Master Print list. Update the Master 
Print list by including the selected wprk elements 
and station operator. 

If all the work elements hare been alloted, go to 
Step 1. OtherT.'ise update master list of preceding 
work elements and go to step 3« 

Print Master Station List. If the number of stsLtion 
equals girm operators go to step 15. If less than 
given operator decrement cycle time and go to 
step 2. If greater than given operator increment 
cycle time and go to step 3. 



J'ig* 6,1 Logical How Chart For Loading Stations 
Maxinaliy. 
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R'eo.d 


s Ro, of elements 

Mean tnd Variance of Fork Element times. 
Immediate pre cents. 

No. of operators md their rating. 

Cycle time and station confidence level. 
■ Acceptable % for idle time. 




■ M 


Change the 
[number of pre- 
ceding tasks 
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I 


Cfilciilate Line cycle” time j 


jCreati a master list of work elcnentsl 
iwith preceding v-ork elements. i 


t ^ff'itosfer Master List to Working L ist | 


3 


jSclect an operator and calculate the j 
j Operator cycle time. 


I 


jCrcate a list of I -vailablc tasks 


T" 


Create a list of Fit tasks. 


I^i + +/J^i + c + G* 


^-■'Bo any 
^rk element^ 


■]?) 


(y 


ICenerate random number j 


3 
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Select task from fit list | 
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number of 
sequences 
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B 


-’tk- 
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land operator rating, 1 
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— ~ ’ lific ii_le ticie is less 'thru work str ti.. n* * unit 
tine go t'- step 16. If the idle time is greater 
■ ttisai work stetiohs mltiplied hy unit tine, decre- 
ment cycle time £.nc go step 2. 

Step 16 ; Print rji reailts. 

6.5 Results md Discussions 

Tn test the neth-dology n c^nputer prekege written 

0 

in FOEli'j N IV for lEH 7044 systen has been developed. The 
cr.!U'i.)utfcr pr ckr.ge nsmed CilBPROP - Il(fcrcnyx^ for Computerized 
Assembly Line Balancing v.i'bh Tw^ Probrbilistic Persneters) 
can handle upto 120 element problen end C'^^nsunes about 16 K 
of computer memory. The 'listing of the pregrerme is given 
in .'ppendix &. 

The T.V, problem end the refrigerator problem are 
the tw: problems tested to vr.li(ite this method' '-logy. The 
assembling clothes problem and truck assembly problem are net 
tested since f-r them there is no data ava.ilable on operator 
perfcrmance level. The available operators end their corres- 
ponding perferuance ratings for the two problems tested ene 
given in Appendix B and C. 

The inputs t^^ -the programme are 

(i) ^.'fork elenaits and their precedents. 

(ii) Element tiu.es and element time -variances. 

(iii) Level of confidence desired at each work statl-n. 
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(iv) Labour pools and iiieir performance rating. 

(v) Allowance for errors in estimating tb.e parameters 

(vi) Allowable idle time ratio. 

(vii) Maximum number of sequences to be tried at eadi work 
^tation and 

(■viii)MaximuLi number of assignments for a given cycle time. 

Tlie output of the package includes 

(i) Operator selected ct each work strtion. 

(ii) Allowable rerk Icc.d f'>r the selected cpera.trr. 

(iii) Alloted work elements and liie corresponding work 
content at ecch station. 

(iv) Number of sequences tried for eadi 'work station. 

The package can handle the random selection as 
well as sequentic'l selection of operators. 

in input cycle time of 6.5 minutes and the random 
selection ot operatcirs gives an ontput cycle time of 6.68 
minutes for the T.T. problem. For the same input cycle tine 
the procedure of selecting the operators seq-ientially gives 
an output cycle tine of 6,58 minutes. 

The refrigerator problem Tsiien tested with an. input 
cycle time of 154 sec. and random selection of operators gives 
en output cycle time of 154 sec. Fen iiie sane input cycle 
tiiue, the procedure of selecting the operators sequentially 
results in an output cycle time of 151 sec. In all the above 
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cC'seSj tile rll'w^uice for error in. estixir "ting ■■the prr^neters 
is 5/^ of the cycle timej the acceptable idle time ratio is 
5% of the cycle timey the maximum number of sequences genera- 
ted at each station is 100 and the assignment limit for each 
cycle time is 5. 

It c£n be concluded from the above results that 
loading stations maximally by selecting the operators 
sequentially gives better results than selecting the oper£.- 
tors randomly. 

The detailed results obtained by loading stations 
maximally by the sequential selection of operators are pre- 
sented in T."bles 6.1 and 6.2. The solutions obtained for 
the T.V. and Refrigerator problem are tabulated in Tables 
6.1 and 6.2 respectively. It is interesting to note that 
for the T.V^ problem the opeiaitors are selected in the 
ascending order of their performance rating vhereas for the 
rC‘ frige raptor problem no such tendency is observed. It can 
£ Iso be noted that at most of the ?/ork staitions the 5% 
allowance for the errors involved in estimating the para- 
meters is fully utilised. 

To have an insight into the behaviour of the , 
assembly line system with variations in the allowance for 
the errors in estimating parameters a '2% allowance v?as also 
tried. Itor the sequentic-l selection of operators the T.V. 



92 


problem tjid Refrig' err. tor problem resulted in cycle tines 
of 6.68 minutes and 153 seconds respectively. This defi- 
nitely indicc.tes that as the allowances for estimation 
errors is reduced, the cycle time is increased. 


T/-BIE 6.1 


Solution to TV Problem when Operators are loaded 
m£.ximally. 

Line Cycle time = 6.58 mins. Computation time = 3 sees.- 


IRoting of|hllowable lAlioted to rkjEl aments alloted to the 
Sti'.tionf selected x^ork load |loa.d for foperator 
No. loperrtor |for o-perator loperator ^ 


1 

% 

85.0 

Minute 

5.59 

Minute 

5.68 

1,2,7,21,22,23,28 

2 

90.0 

5.92 

6.08 

5,4,8,24,25,26,27,29 

3 

95.0 

6.25 

6.51 

5,6,9,11,12,13,18,37,38 

4 

95.0 

6.25 

6.50 

10,14,15,16,17,19,20,30,51,32, 

33,34,35,39 

5 

95.0 

6.25 

6.36 

36,40,41,42,43,54 

6 

95.0 

6.25 

6.50 

44,46,60,90,91 

7 

95.0 

6.25 

5.41 

55,57,58,61,71,80,81,92,93 . 

8 

95.0 

6.25 

6.39 

56,62,72,73,74,75,83,86,94 

9 

100.0 

6.58 

6.89 

47.48, 49,68,87,95,96,97 

10 

100.0 

6.58 

6.75 

45,59,63,64,66,65,70,76,79,82 

11 

110.0 

7.23 

6.41 

50,51,52,53,67,69,77,78,84,85 

88,89 
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T/SIiE 6 .2 


Solution to Refrigerator Problem ^viien Operators are 
loaded maximally. 

Line Cycle Time = 151 secs. Computation time = 24 secs. 


Work 1 
Station! 
Mo . \ 


Ef ting of ILllowable pLloted telements allcted to the 
selected Iwork load fwork load loperator 

operator Ifor operator (for operator! ; ______ 

fo seconds seconds 


1 

80.0 

120.80 ■ 

124.62 

2,3,6,7,37 

2 

85.0 

128.35 

130.97 

1,5,8,14 

3 

85.0 

128.35 

130.90 

9,11,15,16,17 

4 

95.0 

143.45 

144.05 

4,10,12 

5 

105.0 

158.55 

166.43 

13,19,20,21 

6 

95.0 

143.45 

150.24 

18,22,23,24 

rv 

1 

90.0 

135.90 

140.04 

25,26,27,35 

8 

90.0 

135.90 

137.98 

28, 29 

9 

90.0 

135.90 

131.48 

30,38,39 

10 

90.0 

135.90 

140.76 

31, 47 

11 

9,5 ..0 

143.45 

141.59 

32,40,41,42,48,49 

12 

95.0 

143.45 

146.50 

43,44,50 

13 

95.0 

143.45 

145.15 

33,45,46,51,52,60 

14 

95.0 

143.45 

144.47 

53,54,55,56 

15 

95.0 

143.45 

1-50. 5 ‘'r 

■ 61,62,63,64,65 

16 

95.0 

143.. 45 

147.13 

34,66,67,70,71,72,73 

17 

100.0 

151.00 

153.47 

68,69,74,75,76,77,90,91,92,93 

18 

100.0 

151.00 

153.87 

78,79,80,94 

19 

100.0 

151.00 

144.21 

36,81,95 

20 

110.0 

166.00 

171.19 

57,82,83,84 

21 

105.0 

158.55 

157.65 

58,59,85,86 

22 

105.0 

158.55 

150.46 

87,96 

23 

105.0 

158.55 

163.46 

88,89 


CHAPTER 7 


SCOPE EOR HIILTHER liESE/aCH 

In this dissertation, a few aethodologies were developed 
to provide solutions efficiently for single laodel industrial 
t-ssoiubly lines. However, there are soiae aspects of i-IB problens 
viiich need ettention of the researchers. Some of the potentif’-l 
avenues for further research are given below. 

So far no attempt has been made to develop methodologies 
for handling multi-model assembly lines considering probabilistic 
parCiineters, The aulhor feels that the uethcdol'Ogies proposed in 
this dissertation, with a' few aodificati'ns, could provide an an- 
swer to this complex problem. However, a. study needs to be 
undertaken to justify this claim. 

Graph theory concepts are extremely useful for handling 
CoLibinatoriail problems. One of the iaportant and taxing features 
of AIB problem is its high ocmbinatorial no:ture. Therefore, 
applicf tion of graph theoiy concepts ti i-IB problems seems to 
have good potential. 

In the operator assignment procedure presented in this 
thesis, by leading ei.ch operator maxima- lly local cptiaim is 
being sought. The best operate r for a wrrk station is selected 
without trying the operator fer other work stations. Instead, 
by checking the suitability of each operator for all the work 
stations end then alloting the operators hy nn ’’assignment pro- 
cedure" with a view to minimize the tcita.l idle time on the line 
might yield a a global optimal solution. Though this may need 
high computational time yet it may be a field worth exploring. 
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APENDIX “A 


assembling clothes problem - data 


TABLE A-1 


DATA ON WORK ELEMENTS 


description 

MEAN TIME 

VARIANC 


(SEC) 

(SEC) 

PICK UP and put on left sock 

9 

1.971 

PICK UP AND PUT ON RIGHT SOCK 

9 

0.093 

PICK UP AND PUT ON LEFT SHOE 

IS 

3.097 

PICK UP AND PUT ON RIGHT SHOE 

ID 

1.849 

TIE LEFT SHOE LACE 

17 

3.370 

TIE RIGHT SHOE LACE 

17 

0.004 

PICK UPt PUT ON, AND ATTACH- LEFT GARTER 

13 

4.999 

PICK UP, PUT ON, AND ATTACH RIGHT GARTER 

13 

1.690 

PI+K UP, PUT ON LEFT SPAT 

20 

9.000 

PICK UP, PUT ON RIGHT SPAT 

20 

11.289 

PICK UP AND PUT ON UNDERSHORTS 

ID 

0.000 

PICK UP AND PUT ON UNDERSHIRT 

11 

0.627 

TUCK IN undershirt 

6 

0.8317 

PICK UP AND PUT ON TROUSERS 

22 

8.233 

PICK UP AND PUT ON SHIRT 

11 

3.020 

BUTTON 5 BUTTONS 

19 

3.755 

TUCK IN SHIRT 

12 

4.665 

TURN UP COLLAR 

3 

0.046 

PICK UP AND PLT ON TIE, TURN DOWN COLLAR 

7 

0.433 


BUTTON SHIRT NECK BU+TTN 
TIE TIE 

PICK UP AND PUT ON TIE CLIP 

FOLD BACK LEFT CUFF-PICK UP AND PUT ON 

LEF, CUFF LINK 

FOLD BACK RIGHT CUFF-PICK UP AND PUT ON 

RIGHT CUFF LINK 

PICK UP AND PUT ON BELT 

buckle BELt 

PICK UP AND PUT ON VEST 
BUTTON VEST{6 BUTTONS) 

PICK UP AND PLACE HANDKERCHIEF 
PICK UP PLACE VALLe+ 

PICK UP AND PLACE SMALL CHANGE 

PICK UP AND PLACE KEYS 

PICK JP AND PUT ON SUIT JACKE+ 

PICK UP AND PUT ON WRIST WATCH 

PICK UP AND PLACE POCKET HANDKERCHIEF 

PICK UP AND PLACE FOUNTAIN PEN 

PICK JP AND PLACE GLASSES 

PICK UP AND PLACE GLASS CASE 

BUTTON SUIT JACKE+ 

PICK UP AND PUT ON SCARF 
PICK UP and put ON TIP COAT 
BUTTON TOP COAT 
PICK UP AND PUT ON LEFT GLOVE 
PICK UP AND PUT ON RIGHT GLOVE 


TOTAL WORK CONTENT 


552 


t- O' ^ vO in <»■ 'i- in h- ^ in tn I- O' ro h- 'T 
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APEKDIX --8 

:«c:i^3*c3{t5{c:4t3jc:»:^5;c^ 


TV MAIN CHASSIS PROBLEM - DATA 

ic;:{c4;!!s:)c*#!(e**5it#^ci!c*:{<*#*#«#^!:}!*;^t#3ic:!c#*:j.**!St«#*#^!:icj{!#:ic#:Jcjjc!jc;{t:{c^**«##jJt#**;4:=i:*#***####S 


TABLL B-1 


DATA ON WORK ELEMENTS 


description of the work element 

PICK UP BOARD AND KEEP IT ON LINE, PICK UP 
CHASSIS AND KEEP IT ON THE BOARD 
CUT ALL THE TIPS FOR THE SOCKET WIRE 
BEND WIRES, PICK UP SQCKE, AND FIX IT 
SOLDER all POINTS ON THE SOCKET 
FIX CAPACITOR ON SOCKET WIRES AND SOLDER 
CUT TIPS 

BEND AND FIX WIRES TO LOT 

solder NINE POINTS ON LOT 

CONNECT TWO WIRES TO EARTH LUG AND SOLDER 

BEND THE WIRES AND PUT THE STAMP 

CUT ALL ENDS OF WIRE 

FIX ONE BLACK WIRE TO EARTH LUG AND SOLDER 
BEND ENDS OF FOUR WIRES AND FIX TO Sk3 
SOLDER ABOVE FOUR WIRES ON SK3 

FIX Shield wire on sk3 and solder 

BEND ENDS OF THREE WIRES AND FIX TO SKI 

crjl np Q K\C 

BEND ENDS OF EIGHT WIRES AND FIX TO SK2 
PRESS THE WIRES 

INSERT SLEEVES ON FOUR TRANSISTOR TERMINALS 
PICK UP WIRE BUNCH, FIX THREE WIRES ON 5K3 

AND SOLDER 

FIX TWO WIRES TO EARTH LUG AND PINK WIRE TO 
CHOKE AND SOLDER 

FIX FOUR WIRES TO RIGHT TRANSISTOR 


MEAN TIME 
(MIN) 

P.19 
0,30 
1 • 32 
0.76 
0.43 
0.46 
1.71 
0.71 
0.26 
0.30 
0.82 
0.24 
0.72 
0.22 
0.44 
0.53 
0.24 
0.50 
0.24 
0.38 


VARIANCE 

(MIN)=«=*2 

0.0009 

0.0105 

0.0290 

0.0413 

0.0037 

0.0128 

0.0212 

0.0141 

0.0028 

0.0035 

0.0080 

0.0044 

0.0272 

0.0023 

0.0070 

0.0282 

0.0149 

0.0104 

0.0069 

0.0231 


1,17 0.0204 

0.70 0.0007 

0.82 0.0217 



FIX FIVE WIRES TO LEFT TRANSISTOR 
SOLDER ALL NINE WIRE-POINTS 


FIX TWO WIRES TO fc-ARTH LUG AND SOLDER 
TWIST TWO WIRES AND PUT SLEEVE ON TRANSISTOR 
TINNING OF THE WIF«=S 


PICK UP HARNESS TWO AND FIX WIRE ON SK3 
FIX SHIELD WIRE TO EARTH LUG ANCONE WIRE ON SkI 
SOLDER BOTH POINTS 
FIX SIX WIRES CN SK2 
SOLDER ALL POINTS 

FIX Two SHIELD WIRFS* A BLACK WIRE AND SOLDER 

tag wire BUNCH AT TWO POINTS 

FIX BLACK WIRE TO EARTH LUG, TWO WIRES TO 

transistor and one RESISTOR TO EARTH 

PICK UP PINK WIRE ,FIX ONE END ON TRANSISTOR 

AND THE OTHER ON CHOKE 

SOLDER all points (FIvE NOS.) 

PICK UP EHY, place It on main CHASISjFIX 
FOUR BOLTS and NUTS 

PICK UP CONDENSOR, PLACE IT ON MAIN CHASIS 
AND FIX TWO SCREWS 

PICK UP TRANSFORMER, FIX IT ON MAIN CHASIS 
WITH CME SCREW LOOSE 

measure lengths 

TIGHTEN FOUR SCREWS OF TRANSFORMER 

FIX FOUR DIODES AND SOLDER 

TIN TWO WIRES 

POINTS ON THE TRANSFORMER 

PICK UP TWO more WIRESf FIX ANC SOLDER 

FIX one grey WIRE AND A BLACK WIRE AND SOLDER 

TWIST TWO BROWN WIRES, FIX AND SOLDER THEM 

ONTO THE CAP 

FIX TWO BLUE WIRES AND ONE VIOLET WIRE AND 


SOLDE R 

TWIST ONE BLACK WIRE, FIX IT AND SOLDER 
FIX ONE CAPACITOR AND SOLDER 
FIX TWO WIRES ON CHOKE 

PICK UP TUNER BUNCH AND FIX FOLR WIRES ON 
SKI ,AND TWO ON EARTH LUGS 
SOLDER ON SKI AND EARTH LUGS 

|lCK UP yellow BUNCH AND FIX THREE WIRES ON SKl 

Elder the above points 

l/E TUNER AND YELLOW BUNCH 

|rX THREE WIRES OF MAIN CABLE ON TRANSFORMER 
f 0 FIX TWO WIRES ON FUSE HOLDER 
^DER THE ABOVE POINTS 

■KK blue BUNCH AND FIX THREE WIRES ON THE 

Hnsformer 

■per ABOVE THREE POINTS 
K-UP BLUE BUNCH 


0.49 
0 * 4i 
0.33 
0.36 
0.22 
0.49 
D.28 
0.18 
0.85 
0.26 
0.58 
0.71 

0.68 

0.26 

D.3i 

1.57 


0.99 


1.30 
0.65 
0.59 

1.31 
0.26 
1.02 
0.47 
0.41 

0.32 

0.58 

0.76 

0.47 

0.40 

1.01 

0.36 

0.58 

■0.04 

0.62 

0.95 

0.21 

3.57 

0.23 

D.39 


PAG 

0.0036 
y.0006 
0.0033 
0.0065 
0.0029 
y .0y74 
0.0023 
0.0038 
3.0328 
0.0045 
y.O04i 
0.0204 

0.0134 

0.0013 
a. 0027 

0.0092 

0.ca43 

0.0050 

0.0181 

0.0346 

0.0098 

0.0040 

0.0240 

0.0073 

0.0042 

0.0020 

0.0019 

0.0049 

0.0035 

0.0038 

0.0037 

0.0029 

0.0035 

0.0028 

0.0054 

0.0084 

0.0010 

0.0004 

0.0022 

0.0016 


PA 


FIX TH^Et WIRES TO TRANSISTOR, SOLDER AND 
PUT SLEEVE 

FIX THREE WIRES ON CAPACITOR, TWO RED WIRES 
TO ANOTHER POINT, SOLDER AND CUT TIPS 
UNTIE THREE ORANGE BUNCHES 
HARNESS THE ABOVE BUNCH 
TIE UP TUNER BUNCH 

PICK UP YOKE, FIX TWO WIRES AND SOLDER 
PICK UP BOARD ON EHT AND FIX TC TEN PIN 
CONNECTOR 

REND WIRES IN MJ* SHAPE AND FIX TO TEN PIN 
CONNECTOR 

SOLDER ON TEN PIN CONNECTOR AT FIVE PLACES 
FIX ir WIRES ON ONE TEN PIN CONNECTOR AND 
FIX 7 WIRES ON ANOTHER TEN PIN CONNECTOR 
SOLDER AT ALL SEVENTEEN PLACES 
CUT TIPS 

BEND THE WIRES IN PROPER POSITION 
REMOVE THE BOARD ON EHT 
FIX THE CAPACITOR 

PICK UP BLUE WIRE BUNCH AND FIX TWO WIRES 

OUT OF THEM 

PREPARE THE CAPACITOR 

FIX the CAPACITOR OH THE POTENTIOMETER 
take YELLOW BUNCH AND FIX THREE WIRES 
SOLDER THE ABOVE SIX POINTS 
CUT THE TIPS 

PICK UP AERIAL STRIP PLATE AND FIX TWO WIRES 

FIX TWO MORE WIRES ON AERIAL STRIP 

FIX ANOTHER TwC WIRES ON AERIAL STRIP 

SOLDER THE ABOVE SIX POINTS 

HARNESS POTENTIOMETER WIRES AND FIX TWO 

WIRES ON POTENTIOMETER PLATE 

STRIP AND TIN TWO WIRES IN THE BUNCH 

FIX ONE black WIRE AND ONE SHIELD WIRE TO 

POTENTIOMETER 

FIX SIX WIRES CN POTENTIOMETER PLATE 
CHECK AND FIX TWO WIRES ON lOK OHM RESISTOR 
check and FIX TWO WIRES ON 5K CHM RESISTOR 
SOLDER THE ABOVE FOUR POINTS 
CUT EXTRA LENGTHS AFTER SOLDERING 


1-26 

D.77 

0.62 

1.40 
0.25 
0.69 

0.53 

0.57 
0 .43 

1.26 
S.98 
0 . 34 
0.49 
0.15 
0.27 

0.45 

0.88 

&.24 

0.41 

0.92 

0.28 

9.41 
0.30 
0.22 
0.50 

2.41 
0.83 

0.78 

1.S5 

0.57 

0.36 

1.16 

0.41 


TABLE B-2 

data on operator PERFORMANCE 


C.0041 

0.0137 

0.0092 

ij.0131 

0.0016 

0.0033 

0.0148 

0.0070 

0.0158 

0.0054 
0.0376 
0.0011 
0.0037 
0.0019 
u *0025 

0.0119 
0.0136 
9.0009 
a. 0039 
0.0310 
0.0026 
9.0061 
0-0133 
0.0064 
0.0110 

0.1610 

0.0287 

0.0202 
a. Cl 54 
0.0095 
0,0044 
a. 1296 
0.0091 


POOL 


MO. OF OPERATORS 
I 
I 
6 
7 . 
i 


RATING OF LABOUR POOL 

85.00 
90. or 

95.00 
lUU.OO 
110.00 


PA 
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Table c-i 

DATA ON WORK ELEMENTS 


element description mean time variance 


^PPLY bituminous SEALING COMPOUND TO BACK 

(SEC) 

( ScC ) ** 

•LAnGES oF the CADiNtT l^FT HAnD SluE 
^PPLY BITUM)N0US SEALING COMPOUND TO BACK 

14*1 

11*6 

'LANGES OF THE CAblNET BOTTOM 

^PPLY BITUM)N0US SEALING COMPOUND TO BACK 

13.1 

9.4 

'LANGES OF THE CAdInET RIGHT HAND SIDE 
^PPLY blTUM)NOUS SEALING COMPOUND TO BACK 

12.6 

6*64 

'LANGES OF the CAblNET TOP 

^PPLY BlTUM)NOUS SEALING COMPOUND TO BOTTOM 

15.4 

23.84 

-LANGES OF THE CAoiNbT RiG-t-T HAND SIDE 
\PPLY BITUM)N0US sealing COMPOUND TO BOTTOM 

43.6 

46*44 

'LANGES OF THE CADINET LtFT HAND SIDE 

\PPLY bitum)nous Sealing compound to bottom 

4 .1 

29*2 

'LANGES OF THE CABINET FRONT 

1 .3 

24.41 

^lace Top hinge assembly components in position 

15.5 

17.65 

'IX tapping PLATE FOR TOP HINGE 

24.4 

20.24 

'IX SCREWS OF TOP HINGE 

44.0 

16.24 

'IX tapping PLATE FOR LOCK ASSEMBLY 

111.3 

6.21 

'IX LOCK hinge SCREWS BY HAND 

55.3 

55*62 

'IX LOCK HINGE SCREWS BY sCREW-DRIVER 

26.9 

22*29 

PLACE BOTTOM HINGE COMPONENTS IN POSITION 

23.7 

53.21 

FIX ONE bolt of BOTTOM HINGE BY HAND 

18.6 

30*24 

FIX ANOTHER BOLT OF BOTTOM HINGE BY HAND 

20.7 

39*21 

tighten bottom HINGE BOlTS BY WRENCH 

23.6 

20*04 

PLACE RUBBER GARMENTS FoR FIXING LINER 

31.2 

6 *64 


>ICK UP FibRE GLAbSCbACK AND TOP PitCES) 

^lign And fix dotTom fierd glasg pit.cE 
^lign and fix top fibre glass piece 
UCK UP fibre GLAGSCTWO side PIECES) 

^LIGn and fix lhs fibre glass piece 
^LIGn and fix rhs fibre glass piece 
>LACE fibre glass PACKING IN CORNERS 
3ET the lINEP 

»ull-out the connecting wires 

POSITION AND FIX THE LINER 

>LACE washer and NUTS TO FIX LINER 

-IX THE LINEP TO ThE CABINET 

=ILL glass FIBRE bETWtEN LINER AnD CAoINtT 

3ET THE four BREAKER STrIPU 

■IX lhs And phs breaker strips 

=ix top and bottom breaker strips 

riGHTEN thermostat SCREW (TOP) 

riGHTEN thermostat SCREW (-^OTTOM) 

enlarge hole on cabinet TO FIX Clip 

^LACE GAMMET rubber BUSH 

3ET THE wire ASSEMBLY 

eonnect wire assembly to liner 

insee 

insert pvc Sleeve on three way connectors 

3LACE PANNEL COVER 

-IX FOUR PANNEL cover SCREWS 

insert Clip with bush 

Fix wire assembly to cabinet 

twist the wipes 

CUT fibre glass PIECE TO INSERT EVAPORATOR 

remove and place Fibre glass piece on conveyor 

CUT centre piece OF FIBRE GLASS 

get the cooling system assembly 

remove the clips From the system 

insert the evaporator into cabinet 

Fix FOUR evaporator SCREWS BY HAnD 

tighten two screws by screw driver 

tighten two SCREWb BY SCREW DRIVER 

FIX PLAIN-ClIP SCREWS TO EVAPORATOR BY HAND 

PLACE ZHE capillary IN pOSIZION 

PLACE The tapping plate 

FIX -lain clip screws To evaporator by screw 
driver 


11-6 

67.4 

32.1 
18.6 

39.4 

40.8 
4 *8 

12.8 

24.0 

53.4 

58.8 

54.0 

88.2 
2 .2 

38.8 
2 .8 

3 .5 
28.6 

8.9 

38.6 

18.6 

4 .9 

1 .7 

15.4 
6 .5 

2 .1 

14.8 
8.6 

28.0 

3.9 

18.5 

31.6 

12.6 

15.9 

51.8 

30.8 

31.4 

13.5 

29.4 

25.4 

15.3 


6*44 

30.81 
30.28 

24.04 
7*41 

7.44 

8.04 

3.36 

9.40 

43.81 

30.04 
26.80 

33.24 
4 . 64 

13.24 

21.04 

19.04 

16.84 
3.09 

13.64 

5.24 

11.4 

3.61 

17.44 

39.25 
30.8 
11.16 

2.44 
3 3.60 
1.69 

14.85 

12.64 
5.6 ^ 

n .49 
14.96 
9.16 

4.24 
3.65 
8.84 

12.44 

1.01 


TIE THREAD ApQUND COVER OF APPERTUrL ASSEMBLY 

32«4 

9.0 t 

PLACE BUlB holder IN POSITION 

29.4 

10.04 

FIX bulb holder 

24.8 

9.3 

Align and fix back pannel assembly 

53.7 

21.82 

PLACE APPERTURE ASSEMBLY IN POSITION 

14.4 

1.64 

PLACE POLYTHENE COVER AnD GLASSWoOL PACKING 

7.2 

6 . 36 

FIX SCREWl OF panel COVER 

20.1 

10.49 

FIX SCREW2 OF panel COVER 

1 .9 

13.6 

FIX SCREWS OF PANEL COVER 

13.3 

3.21 

FIX SCREW4 OF PANEL COVER 

14.0 

13.00 

FIX SCREWS OF PANEL COVER 

11.7 

5.81 

FIX SCREWS OF panel COVER 

17,6 

17.24 

FIX SCREW7 OF PANEL COVER 

15.8 

7.76 

FIX SCREWS OF PANEL COVER 

FIX SCREW9 OF PANEL COVER 

13.1 

4.49 

FIX SCREWIO OF PANEL COVER 

13.2 

7.36 

FIX SCREWll OF panel COVER 

10.6 

2.44 

FIX SCREW12 OF PANEL COVER 

15.0 

4.69 

ALIGN SUCTION TUBE 

A3.1 

17.89 

PLACE GOMOUET BUSH 

5.3 

A. 21 

further Align suction tube 

5.9 

2.49 

BEnD SUCTION tube HOLDING CLIP 

5.9 

2.09 

place nuts in POSITION 

27.4 

16.04 

BEND SUCTION TUBE CLIP 

30.6 

2.61 

further, ALIGN SUCTlON TUBE 

62.2 

24.29 

FIX FOUR nuts of COMPRESSOR 

68.0 

28.69 

align the condensor 

27.0 

11.40 

bend condensor CLIPS 

30.9 

16.49 

FIX UPPER guard of THE CONDENSOR 

65.6 

33.92 

FIX lower guard of the condensor 

77.6 

11.84 

FIX first corner breaker strip 

13.9 

3.6 

FIX SECOND corner BREAKER OTRIP 

13.6 

1.44 

FIX THIRDD CORNER BREAKER OTRiP 

13.5 

8.05 

FIX FOURTH CORNER BREAKER STRIP 

12.1 

1.8 

lift THE DOOP To POSITION 

75.2 

26.14 

FIX TOP hinge assembly oF THE DOOR 

88.2 

32*64 

FIX bottom hinge assembly OF THE DOOR 

99.6 

27.76 
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table C-2 

OPERATOR PERFORMANCE 


Q 

4 

1 

2 

4 

8 


lOO.OO 

105*00 

1 1 0 • U u 

8 5 * w w/ 

9 0*00 
9 5.-0 
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APENDIX -D 

TRUCK ASSEMBLY PROBLEM 


TABLE D-l 


DATA ON WORK ELEMENTS 


MEAN VARIANCE FDLLOWiNG OPERATIONS 


>ec 

60 

SEC’i'2 

.9604 

2 

•;S 


0 

0 

15 

4.2354 

3 

0 

0 

0 

0 

35 

.0486 

4 

i.J 


0 

0 

15 

10.6178 

5 

6 

7 

8 

9 

90 

.1046 

39 

1? 

•* a 

0 

D 

25 

1.3260 

39 

0 

0 

0 

0 

69 

.0468 

83 

iiji/ 

n 

5 

0 

52 

2.4850 

71 

f\ 

0 

0 

D 

19 

.3194 

11 

12 

D 

0 

f) 

35 

2.1179 

71 

0 

0 

0 

0 

81 

.0021 

22 

23 

24 

25 

0 

5D 

24.50*25 

26 

'{*, 

n 



77 

.0:>15 

27 

■J 


0 

0 

89 

.0027 

28 

0 

0 

D 

0 

51 


29 

-t ' 



•i 

64 

,3726 

3'. 


V 

0 

D 

05 

.2945 

91 


f 

0 

0 

60 

.1835 

111 

0 

0 

0 

0 


1.25 

.5 -11 4 

3i 

8d 

Q 

0 

0 

34.29 

6.7914 

32 

33 


0 

0 

.43 

.0i'‘'37 

69 

7 ’ 



34. 3D 

.7953 

34 



o 


19. 6n 

.1859 

82 

0 

(J 

0 

0 

.29 

.0014 

35 

u 

Q 

0 

0 

.27 

.S'>23 

36 



J 

11 

.15 

,0014 

37 

h 


0 

f-' 

1.21 

.0263 

38 

u 

0 

D 

0 

17.15 

2.1753 

39 

0 

(j 

0 

0 

21.27 

17.327!; 

41 

jj 




14.72 

.3138 

111 


t 

0 

4 ? 

40.37 

12.0535 

42 

0 

0 

0 

0 

.68 

.0071 

43 

0 

y 

0 

0 

.62 

.0D8 9 

44 

91 


3 

0 

.42 

.DII25 

45 

9i. 


0 

0 

3.64 

.0076 

46 

91 

C 

0 

0 

49,98 

33,9488 

40 

0 

0 

0 

D 

14.70 

5.3945 

Hi 

'J 


0 

n 

29.63 

34.4186 

69 

70 


0 

7 

56.89 

9,4349 

47 

0 

0 

D 

0 

.68 

.0118 

48 

49 

9; 

0 

■1 

. 18 

.DOl 

■ 50 



0 

n 

.10 

.0032 

51 



3 

■J 

.81 

.0098 

52 

\} 

0 

0 

0 

52.00 

23.8925 

54 

55 

56 

57 

58 59 60 

.39 

.0025 

53 

i 


7 

r, 

. 67 

.000 

91 



7 

P 

.27 

.0002 

111 

0 

0 

0 

0 

.15 

.0034 

Hi 

ii 


7 

0 

1.21 

.0165 

HI 

ii 


7 

0 

.58 

.0129 

111 

0 

0 

0 

0 

17.15 

10.6178 

69 

70 

0 

0 

0 

1.25 

,9i^38 

61 

62 

63 

0 

f ' 

40.10 

29.7418 

63 

54 

0 

0 

ft 

14.70 

5.1246 

65 

91 

0 

0 

0 

14.70 

,1245 

66 

91 

G 

0 

0 

23.03 

.6131 

67 

91 

’J 

3 

V 

19.60 

,4441 

68 

9 1 

: " 

0 


22.05 

8.9928 

69 

70 

0 

D 

0 

40.18 

7.0325 

71 

C 

r; 

3 

D 

27,44 

13.1195 

11' 

SiH 



0 

%.■ 

29.99 

.1295 

72 

\ * 

-1 

0 


7.35 

.7021 

111 

0 

0 

0 

0 

7.35 

.4773 

1 ^ 5 

i. 

f) 

■) 

0 

0 

7.35 

.062 5 

11 1 



3 

f: 

7.35 

.2498 

ill 

' ) 


1 

[- 

5.45 

,0058 

77 

78 

0 

0 

D 

33.86 

3.3432 

73 



3 

3 

32.34 

19.3445 

91 

j 


0 






APENDIX-E 

:4:5ics}c:ji:{:«^:{e## 


LIST OF VARIABLES USED IN CALBPROP I AND II 


MEAN OF STATION DISTRIBUTION 

PRODUST OF NUMBER OF WORK ELEMENTS IN THE FIT LIST 
ISPR 

WEIGHT OF WORK ELEMENT IN THE FIT LIST 

SUM OF WEIGHTS OF WORK ELEMENTS IN THE FIT LIST 

ABSOLUTE TIME 

CYCLE TIME 

AVERAGE NUMBER OF WORK ELEMENTS AVAILABLE FOR A PARTICULAR 

POSITION IN THE SEQUENCE OF WCRK ELEMENTS 

AVERAGE NUMBER OF WORK ELEMENTS AVAILABLE AT ALL TIMES 

SUB-TOTAL OF RELATIVE WEIGHTS OF WORK ELEMENTS 

AVERAGE OF THE MAX NUMBER OF WORK ELEMENTS AVAILABLE FOR ALL 

POSITION IN THE SEQUENCE 

AVERAGE OF THE MIN NUMBER OF WORK ELEMENTS AVAILABLE FOR ALL 
POSITION IN THE SEQUENCE 
WORK ELEMENT TIME VARIANCE 

POINTS ON RANDOM NUMBER SCALE SEPARATING WORK ELEMENTS 
RANDOM NUMBER BETWEEN AND 1 
NUMBER OF A COMPLETE SEQUENCE 
B 

TOTAL number QF WORK ELEMENTS WHICH FOLLOW A WORK ELEMENT 
INDEX NUMBER 

ORDINAL NUMBER OF NEXT WORK ELEMENT IN THE SEQUENCE 
ordinal number of a POSITION CF 

ORDINAL NUMBER OF A POSITION IN THE SEQUENCE OF A WORK 
ELEMENT AT A STATION 

NUMBER OF WORK ELEMENT WHICH FOLLOWS A WORK ELEMENT 
COUNT OF number OF SEQUENCE TRIED AT A STATION 
NUMBER OF STATION IN A COMPLETE ASSI GNMENT { BEST } 

NUMBER OF WORK ELEMENTS ASSIGNED To A POSITION IN THE SEQUENCE 
STATION number OF AN ASSIGNED WORK ELEMENT BY SEQUENCE POSITION 
NUMBER OF WORK STATION 

station NUMBER OF AN ASSIGNED WORK ELEMENT BY SEQUENCE POSITION 
NUMBER OF UNaSSIGNED WORK ELEMENTS WHICH PRECEDE A 
WORK ELEMENT IMMEDIATELY 

NUMBER OF SEQUENCE REQUIRING A GIVEN NUMBER OF STATION 
LIMIT OF NUMBER OF SEQUENCES TO TRY AT A STATION 
INDEX NUMBER 



STATION NUMBER RELATED T3 THE LAST PRINTED WORK ELEMENT 
INDEX NUMBER 

NUMBER OF WORK ELEMENT IN THE AVAILABILITY LIST 
INDEX NUMBER 

NUMBER OF WORK ELEMENTS WHICH PRECEDES A WORK ELEMENT 
TOTAL OF number OF WORK ELEMENTS AVAILABLE FOR A POSITION 
IN SEQUENCE FOR ALL SEQUENCES 
INDEX NUMBER 

number of SEQUFNCFS TO BE ATTEMPTED 
ORDINAL NUMBER OF THE BEST ATTEMPTED SEQUENCE 
INDEX NUMBER 

SEQUENCE LIMIT FOR A STATION 

number of sequence tried AT A STATION 

NUMBER OF SEQUENCE AS GOOD AS THE BEST AT A STATION 

ORDINAL NUMBER OF THE PRINTED SEQUENCE AT A STATION 

LIST OF WORK ELEMENTS AVAILABLE FOR ASSIGNMENT 

LIST OF WORK ELEMENTS WHICH SATISFY FIT CONSTRAINTS 

LIST OF WORK ELEMENTS AVAILABLE FOR ASSIGNMENT 

POSITION IN THE SEQUENCE 

LIST OF WORK ELEMENTS AVAILABLE AFTER THE BEST SEQUENCE FOR 
A STATION HAS BEEN FOUND 

NUMBER OF WORK ELEMENTS WHICH IMMEDIATELY FOLLOW A WORK ELEMENT 
NUMBER OF ASSIGNMENTS WHEN LOADING STATIONS MAXIMALLY 
TOTAL MINIMUM NUMBER OF WORK ELEMENTS AVAILABLE FOR ALLPDSITIONS 
IN THE SEQUENCE 

NUMBER OF LEVELS OF ALL FOLLOWING WORK ELEMENTS 
the PREVIOUS POSITION IN A SEQUENCE OF WORK ELEMENTS 
NUMBER OF LABOUR POOLS 

NUMBER OF SEQUENCES AS GOOD AS THE BEST AT A STATION 

AN Indication when one work element is preceded by another 
number of previous station or A WORK ELEMENT NUMBER 
IN THE MASTER STATION LIST 

WORK ELEMENT NUMBER IN THE LIST TO BE PRINTED 
NUMBER 

MAXIMUM NUMBER OF WORK ELEMENTS AVAILABLE FOR A POSITION 
FO* ALL SEQUENCES 

MIN NUMBER OF WORK ELEMENTS AVAILABLE FOR A POSITION FOR ALL SEQU 
NUMBER OF WORK ELEMENTS AT A LOADED STATION TO BE PRINTED 
temporary STORAGE OF NOLP 

NUMBER OF WORK ELEMENTS WHICH IMMEDIATELY PRECEDE A WORK ELEMENT 

NUMBER OF WORK ELEMENTS IN THE AVAILABILITY LIST 

NUMBER OF WORK ELEMENTS IN THE AVAILABILITY LIST 

number of WORK ELEMENTS WHICH IMMEDIATELY FOLLOW A WORK ELEMENT 

number Of WORK ELEMENTS IN THE FIRST AVAILABILITY LIST 

number of work ELEMENTS IN THE FIT LIST 

NUMBER OF OPERATORS IN LABOUR POOL 

NUMBER OF WORKERS ON THE LINE 

NUMBER OF SELECTED WORK ELEMENTS 

NUMBER OF FOLLOWING WORK ELEMENT 

number of WORK ELEMENTS WHICH IMMEDIATELY FOLLOW A TASK 



